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ABSTRACT
Context. We trace several dusty infrared sources on their orbits around Sgr A* with SINFONI and NACO mounted at the VLT/Chile.
These sources show near-infrared excess and Doppler-shifted line emission. We investigate these sources in order to clarify their
nature and compare their relationship to other observed NIR objects close to Sgr A*.
Aims. By using SINFONI, we are able to determine the spectroscopic properties of the investigated dusty infrared sources. Further-
more, we extract spatial and velocity information of these objects. We are able to identify X7, X7.1, X8, G1, DSO/G2, D2, D23, D3,
D3.1, D5, and D9 in the Doppler-shifted line maps of the SINFONI H+K data. From our K- and L′-band NACO data, we derive the
related magnitudes of the brightest sources located west of Sgr A*.
Methods. For determining the line of sight velocity information and to investigate single emission lines, we use the near-infrared
integral field spectrograph SINFONI data-sets between 2005 and 2015. For the kinematic analysis, we use NACO data-sets between
2002 and 2018. This study is done in the H, Ks, and L′ band. From the 3D SINFONI data-cubes, we extract line-maps in order to
derive positional information of the sources. In the NACO images, we identify the dusty counterpart of the objects. If possible, we
determine Keplerian orbits and apply a photometric analysis.
Results. The spectrum of the investigated objects show a Doppler-shifted Brγ and HeI line emission. For some objects west of Sgr A*,
we find additionally [Fe III] line emission that can be clearly distinguished from the background. A one-component blackbody model
fits the extracted near-infrared flux for the majority of the investigated objects, with the characteristic dust temperature of 500 K.
The photometric derived H- and KS -band magnitudes are between magH > 22.5 and magK = 18.1+0.3−0.8 for the dusty sources. For the
H-band magnitudes we can provide an upper limit. For the bright dusty sources D2, D23, and D3, the Keplerian orbits are elliptical
with a semi-major axis of aD2 = (749 ± 13) mas, aD23 = (879 ± 13), and aD3 = (880 ± 13) mas. For the DSO/G2, a single-temperature
and a two-component blackbody model is fitted to the H-, K-, L′-, and M-band data, while the two-component model that consists of
a star and an envelope fits its SED better than an originally proposed single-temperature dusty cloud.
Conclusions. The spectroscopic analysis indicates, that the investigated objects could be dust embedded pre-main-sequence stars.
The Doppler-shifted [Fe III] line can be spectroscopically identified in several sources that are located between 17:45:40.05 and
17:45:42.00 in DEC. However, the sources with a DEC less than 17:45:40.05 show no [Fe III] emission. Therefore, these two groups
show different spectroscopic features that could be explained by the interaction with a non-spherical outflow that originates at the
position of Sgr A*. Followed by this, the hot bubble around Sgr A* consists out of isolated sources with [Fe III] line emission that
can partially account for the previously detected [Fe III] distribution on larger scales.
Key words. stars: chromospheres – stars: late-type – stars: winds, outflows – radio continuum: stars
1. Introduction
At a distance of approximately 8 kpc at the center of the Milky
Way, a supermassive black hole (SMBH) named Sagittarius A*
(Sgr A*) with a mass of ∼ 4 × 106M can be found (Eckart &
Genzel 1996; Schödel et al. 2002; Genzel et al. 2010; Eckart
et al. 2017; Gravity Collaboration et al. 2019). From a scientific
point of view, it provides a unique opportunity to understand the
dynamical mechanisms of an accreting supermassive black hole.
Almost 40 years ago, Wollman et al. (1977) observed radial ve-
locities of several hundred km s−1 of ionized gas that suggested
the presence of a supermassive black hole. This finding was then
underlined by the observation of massive young stars that or-
bit the SMBH with high velocities (see, e.g., Eckart & Genzel
1996; Ghez et al. 1998). For a long time, it was believed that star
formation in the vicinity of Sgr A* is not possible because of
the harsh environment. Stellar winds, the dense concentration of
stars, a possible magnetic field, shock waves, the gas densities,
and strong radiation are considerable arguments for the lack of
in situ star formation.
In contrast, Morris & Serabyn (1996) suggested that the con-
stant inflow of gas might trigger star formation that could play a
role when accretion processes are investigated. Followed by this,
the detection of young stars in the Galactic Center, mostly O/B
and Wolf Rayet WR stars, indicate a recent star-forming epoch
(Eisenhauer et al. 2005; Habibi et al. 2017). Ghez et al. (2003)
formulated the ’paradox of youth’ where the authors reflect the
contrary situation.
Gillessen et al. (2012) reported the discovery of a gas cloud
named G2 (see e.g. Burkert et al. 2012; Meyer & Meyer-
Hofmeister 2012; Schartmann et al. 2012; Scoville & Burkert
2013, for a review) that is moving towards Sgr A*. It is follow-
ing the gas cloud G1 (Clénet et al. (2005), Pfuhl et al. (2015)
Witzel et al. (2017)) and it was supposed to be dissolved dur-
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ing periapse. However, G1, as well as G2, are detected during
and after the periapse in 2014 as compact sources that leads
to different interpretations (Eckart, A. et al. 2013; Witzel et al.
2014; Zajacˇek et al. 2014; Valencia-S. et al. 2015). Based on
these findings, there is a high probability that G2 is a dust en-
shrouded star with a possible bow-shock (Shahzamanian et al.
2016; Zajacˇek et al. 2017). The authors use a radiative trans-
fer model, that match the detected L′- and K-band magnitudes.
From this they conclude, that the detected Doppler-shifted emis-
sion source could be indeed a young stellar object (YSO) with a
dust envelope. This would be in line with the mentioned recent
star formation epoch. To emphasize the dusty and stellar nature
of the object, Eckart, A. et al. (2013) named it Dusty S-cluster
Object (DSO). To avoid confusion, we will refer to this object
in the following as DSO/G2. In this work, we present our H-
and K-band detection of the DSO/G2. With the known L′- and
M-band flux from Gillessen et al. (2012) and Eckart, A. et al.
(2013) we fit a two-component (star+dust envelope) model to
the data. Additionally, Eckart, A. et al. (2013) and Meyer et al.
(2014) reported several other dusty sources that can be found in
the direct vicinity (∼ 1” ≈ 0.04pc) of Sgr A*. In order to in-
vestigate the nature of the dusty sources we emphasize in this
paper the analysis of the D-complex that consists out of D2 and
D3 as well as the newly discovered ones D23 and D3.1. This
complex of dusty sources can be found about one arcseconds to
the west of Sgr A*. This region contains several bright sources
whereas the most prominent ones are D2 and D3 (Eckart, A.
et al. 2013). At the same time, they are sufficiently far away from
other, bright sources. This allows a detailed investigation of their
NIR excess and opens the door to investigate the relation to their
surrounding. We are combining the results of this investigation
with already published data (see Lutz et al. 1993; Mužic´ et al.
2008; Mužic´ et al. 2010; Yusef-Zadeh et al. 2012; Eckart, A.
et al. 2013; Meyer et al. 2014; Zajacˇek et al. 2017, for more in-
formation) on other dusty sources to come to conclusions about
their nature.
The sources of the D-complex investigated in this study
show similar positional and spectroscopically properties as the
X7 source (Mužic´ et al. 2010) and X8 (Peißker et al. 2019).
Concerning their brightness, the dusty sources are comparable
to G1 (Pfuhl et al. 2015; Witzel et al. 2017) and the DSO/G2
(Eckart, A. et al. 2013; Witzel et al. 2014; Valencia-S. et al.
2015). The spectroscopic analysis of these sources indicates that
several dusty sources could be interpreted as Young Stellar Ob-
jects (YSOs)/pre-main sequence stars surrounded by a dusty en-
velope that is generally non-spherical (Zajacˇek et al. 2014; Za-
jacˇek et al. 2017). The mystery of their origin could be answered
via the numerical hydrodynamic simulations of the interaction
of molecular clouds that originate from distances of several par-
secs. Naoz et al. (2018) showed that stellar binaries add a ve-
locity component to the star population that is comparable to
the observed properties of the GC disk. Additionally, Alig et al.
(2013) modeled the interaction of a molecular cloud that inter-
acted with a gas disk. The authors discuss that the stellar disks
resulting from this interaction could be responsible for the ob-
served young stars and their orbital parameters. However, Jalali
et al. (2014) showed that the gravitational influence of Sgr A*
could affect the star formation rate inside approaching clouds
with an initial mass of several 100 M. We investigate if other
known and unknown sources could possibly contribute to this
scenario or if the sources are rather dissolving gas clouds that
are formed through other processes (Calderón et al. 2018). Addi-
tionally, the spectral analysis shows that next to the HeI and Brγ
emission lines there is also a Doppler-shifted 3G − 3H [Fe III]
multiplet. Based on this finding, we can divide the investigated
sources in the field of view (FOV) of SINFONI into two groups:
those with [Fe III] emission and the rest without these iron lines.
We investigate whether this finding influences the view on the
Sgr A* bubble that is reported by Lutz et al. (1993) and Yusef-
Zadeh et al. (2012). Lutz et al. (1993) show the [Fe III] distri-
bution at the position of the mini-cavity (see Fig. 1, upper left
image). The authors not only report a bubble around Sgr A* but
also a V-shaped bow-shock feature caused by a wind that most
probably originates at the position of Sgr A*. Yusef-Zadeh et al.
(2012) show several emission lines observed with the Very Large
Array (VLA). The presented data also indicate the presence of
a bubble around Sgr A*. They additionally report a 2” hole in
the investigated bubble that is located to the northern side of Sgr
A* and resembles the shape of the mini-cavity. The authors dis-
cuss a possible wind and wind-wind interaction from Sgr A* (see
also Mužic´ et al. 2010) but also the presence of young massive
stars Mužic´ et al. (2007). Yusef-Zadeh et al. (2012) conclude
that wind from Sgr A* explains the observed features. We will
follow this setting and present observational evidence that un-
derlines the presence of a high ionizing wind that is expected to
originate at the position of Sgr A*. Additionally, the D-complex
reveals several dusty sources that emphasize the idea, that YSOs
form in groups in the vicinity of Sgr A*. This process is realized
by infalling molecular clumps that disperse after forming a few
solar masses main sequence stars (Jalali et al. 2014). We will fo-
cus our analysis on the brightest sources in this complex because
of the high chance of confusion.
We are using adaptive optics (AO) for the NACO imaging in the
KS - and L′-band and spectroscopic data from SINFONI with the
H+K grating. Both instruments are mounted by the time of the
observations at the Very Large Telescope (VLT). Section 2 ex-
plains the observations with a short overview of the on-source
integration time. We also list the NACO and SINFONI data that
is used for the analysis. Followed by that, Sec. 3 provides more
information about the analysis tools like the high- and low-pass
filtering. We also explain how to derive positions and velocities
from the data. The results are presented in Sec. 4 and discussed
in Sec. 5. Our conclusions are presented in Sec. 6. The same
section will discuss the impact on the existing dialogue about
the origin and nature of the dusty sources that can be found in
the S-cluster. It will also connect the emission of the objects with
the [Fe III] distribution that is located mostly at the mini-cavity.
2. Observations
This section will give a brief overview of the observational con-
ditions, the used instrumentation, the structure of the data and
the employed data reduction algorithms. The observations have
been carried out between 2002 and 2018 with the VLT as de-
scribed in the next sections in detail. Usually, the weather condi-
tions are fair with mostly clear skies. The L- and K-band seeing
is in general good with values ranging between 0".2 and 1".2
measured directly on the Natural Guide Star (NGS) that is used
for the SINFONI and NACO observations. For all observations,
AO is used with a NGS in order to avoid the cone effect that
could influence the data whilst using a Laser Guide Star (LGS).
2.1. SINFONI
SINFONI is a near-infrared integral field spectrograph (IFS) that
works between 1.1 µm − 2.45 µm (see Eisenhauer et al. 2003;
Bonnet et al. 2004, for a detailed description). The instrument
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Fig. 1: [FeIII] distribution, K-band continuum, and Doppler-shifted line maps of the GC. North is up, east is to the left in every
image. The line maps show the dusty sources in 2008 and 2015 (lower 4 plots). For a better comparability we show the line maps
on top of the 2015 K-band continuum maps in all 4 panels a) to d). Due to the limited FOV of the SINFONI cubes not all sources
are visible in all years. Therefore in a) we show the 2008 line map to highlight 4 sources. In b) to d), we show 2015 line maps to
highlight the remaining sources. They are based on the related Doppler shifted Brγ line extracted from the SINFONI data cubes.
In the upper left corner, a [FeIII] line map adapted from Lutz et al. (1993) is presented. It shows the V-shaped [FeIII] distribution
that results in the detection of a bow shock like feature. Also, IRS7, IRS13, and IRS16 are indicated. It is 20".0 x 15".0 overview
where we mark the S-cluster with a green box. Next to the [FeIII] map, a K-band continuum image from the data cube of 2015
is presented. The size of the image matches the green square in the [FeIII] distribution figure next to it and provides a 1".0 x 1".0
zoom into that region. In this SINFONI K-band continuum image, the contour lines of the, in this work investigated, dusty sources
are at 55% of their intensity peak and are based on the Doppler shifted Brγ line maps. The white contour lines represent the sources
that show no Doppler-shifted [FeIII] emission lines. The blue and red contour lines can be associated with objects, that do show
Doppler-shifted [FeIII] emission lines. The red and blue color also indicates the Doppler-shift direction. In the lower four line maps
of the dusty sources, the green contour lines are based on the upper right presented K-band continuum image at 10%, 20%, 30%,
40%, 50%, and 100% of the peak intensity. The related line map velocities, widths, errors, and emission source sizes are listed in
Tab. 1.
uses an optical wavelength sensor. The structure of the result-
ing 3d data cubes is organized in a way, that 2 dimensions are
associated with the spatial x-y plane. Additional spectral infor-
mation is provided by the third axis of the cube. The Galactic
center data is obtained with the H+K grating and enabled AO.
We are using the smallest plate scale with a Field of View (FOV)
of 0”.8 × 0”.8 and a spatial pixel scale of 25 mas/pixel. The used
AO star is located at 15”.54 north and 8”.85 east of Sgr A*. The
optical magnitude of this star is around mag = 14.6. The DIT
of single exposures is set to 400s in order to individually react
to fast-changing weather conditions. Observations, that are car-
ried out by other groups use in contrast a DIT setting of 600s.
The subtracted sky is located 5′36” north and 12′45” west of the
central SMBH. Of course, the exposure time setting of the sky
fits the object observations and is set to the H+K domain. Be-
fore the data reduction, we apply a cosmic ray correction (Pych
2004) and a flat field correction to the data. After the standard
data reduction (Modigliani et al. 2007), we stacked single data-
cubes to increase the Signal/Noise (S/N) ratio (Valencia-S. et al.
2015; Peißker et al. 2019). For that, we use a reference frame
that is created from single exposures. From this, we extract the
positions of several stars (S1, S2, S4, and S62). These coordi-
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Brγ line map properties G1 DSO D5 D9 X7.1 D3.1 X7 X8 D2 D23 D3
Velocity in km/s -1195 +1218 +115 -152 +327 +46 -650 -226 -392 -360 -710
FWHM in km/s 346 207 318 110 152 124 138 166 152 180 180
Uncertainty in km/s 45 11 42 11 17 17 11 17 58 29 17
Measured size in PSF 1.1± 0.3 1.0 ± 0.05 - 0.7 ± 0.2 - - - 1.5 ± 0.1 0.8 ± 0.05 0.9 ± 0.08 0.8 ± 0.21
Table 1: Brγ line map properties related to Fig. 1. Due to the limited FOV of the SINFONI cubes, not all sources are visible in all
years. Therefore for the first 4 sources, the data correspond to 2008, whereas the remainder of the table data corresponds to 2015.
The uncertainties representing the standard deviation in km/s. The measured object size is given in units of the PSF extracted from
S2. The given uncertainties are an indication for the data-quality and the not avoidable noise. Some sources are located at the edge
of the FOV and could be part of future observations.
Fig. 2: L- and K-band continuum of the GC in 2006. The approximate position of Sgr A* is indicated by a green x. Above the
SMBH, the bright B2V S-star S2 can be found. The D-complex is indicated by a golden rectangle box. At the position of D2 in
2006, the S-star S43 located. However, the L-band flux of S43 is low compared to D2 (flux D2/S43 ∼ 2/1). The detected emission
in this NACO image is therefore dominated by D2 in 2006. Because of the chosen contrast, D3 and D3.1 seem to be confused.
The right image shows the same FOV in the K-band continuum. Even though this image is from 2004, the D-sources are visible
at roughly the same position as in the 2006 L′-band image (left). Since their magnitudes are close to the detection limit, we are
using high- and low-pass filter to identify a K-band counterpart of the dusty sources. The inlet in the right image shows a 3 px
smooth-subtracted detection of these objects.
nates are then used to shift the single exposures in a 100 × 100
pixel array. The single exposures are calibrated to avoid effects
that are caused by the overlapping single data cubes. We select
just the best cubes for the stacking by picking data with a Point
Spread Function (PSF) that provides FWHM values < 6.0 − 6.5
pixel.
2.2. NACO
NAOS+CONICA (NACO) is a near-infrared imager with a spec-
trograph mode (Lenzen et al. 2003; Rousset et al. 2003). We used
the imager mode of NACO to observe the GC in the L′- and in
the Ks-band. IRS7 with an K-band magnitude of 7.7 and 5”.5
north of Sgr A* is a suitable AO star (see Fig. 1). The used num-
ber of exposures and the total exposure time of the data in Ks-
band is listed in Tab. C.1 with the observation date and project
ID. In the auto-jitter template, the jitter box is set to 4”.0 with a
DIT of 10 sec and an NDIT setting of 3. In total, a single Obser-
vation Block (OB) contains 42 offset positions. The K-band ob-
servations are carried out with the S13 camera. In the AO config-
uration file, we are setting the dichroic mirror to N20C80 which
results in 20 % light for NAOS. The remaining 80 % are directed
to the detector (CONICA). For this setting, we only use high-
quality data with infrared seeing values of < 1”.0. The spatial
range of the L′-band data is set to 27 mas/pixel with a FOV of
28”×28”. Because of the robustness of the L′ observations when
it comes to atmospheric influences, we are able to select a wider
range of data compared to the K-band domain. Table C.1 is an
overview of the used NACO data and lists the observation date,
the associated program ID and the number of exposures with the
resulting exposure time. The majority of the investigated NACO
data is the same as discussed in Mužic´ et al. (2010), Dodds-Eden
et al. (2011), Witzel et al. (2012), Sabha et al. (2012), Shahza-
manian et al. (2016), and Parsa et al. (2017).
3. Analysis
In this section, we will describe the used analyzing techniques
and tools. We briefly introduce the flux calibration procedure and
present the emission line extraction.
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3.1. Line maps
The Doppler-shifted line maps are extracted from the final SIN-
FONI data-cubes that consist out of several individual observa-
tions (see Tab. C.2, C.3, and C.2). By subtracting the continuum,
the Doppler-shifted emission lines of the dusty sources can be
studied. From the isolated lines, we are able to create line maps
of the related source. These maps can also be associated with
the line of sight (LOS) velocity. This procedure can reveal the
shape of the Doppler-shifted sources but also eliminates the in-
fluence of bright stars that are confusing the spatial analysis of
these objects.
3.2. Low- and high-pass filter
When it comes to the PSF of the data (NACO and SINFONI),
we are using the low- and high-pass filter depending on the sci-
entific goal (Lucy 1974; Mužic´ et al. 2010). For the analysis, this
is significant because the GC is a crowded FOV especially close
to Sgr A* (Sabha et al. 2012). A low-pass filter can be used to
blur an image, i.e. smear out non-linear pixel information. Un-
fortunately, this filter also smooths edges of objects that result
in a decreased positional accuracy. However, noise can also be
associated with low frequencies. Hence, a high-pass filter can be
applied in order to isolate signals that are close to the detection
limit. It can be used mainly as an edge-detector to determine
the positions of stars and decrease the chance of confusion for
nearby objects.
We select a 3px Gaussian when we apply the low-pass fil-
ter to the SINFONI and NACO data as discussed in Mužic´ et al.
(2010). Followed by this, a 3-pixel Gaussian-shaped FWHM is
again used to smooth the data. The size of the used Gaussian
should be adjusted to the overall data-quality. The main advan-
tage of the resulting image is reflected in an improved noise level
with slightly blurred edges of the stars compared to the input file.
Applying the high-pass filter with the Lucy-Richardson al-
gorithm to the NACO data is discussed in Witzel et al. (2012). A
natural PSF is used for the de/convolution. Starfinder is used to
extract the PSF and to apply the high-pass filter. In contrast, this
process needs minor adjustments using SINFONI data. First, we
are extracting H- and KS -band images from the collapsed data-
cube in a spectral range of 1.45µm − 1.9µm and 2.0µm − 2.2µm,
respectively. Since noise can influence the resulting H- and K-
band image, a local background subtraction must be applied. The
validity of the subtracted amount is cross-checked with known
stellar positions. Also, the number of iterations can be decreased
to a level, where the possibility of creating artificial sources can
be neglected. The major influence on the data is the PSF. Iso-
lated stars that qualify for the extraction of a PSF are rare in the
SINFONI FOV of the GC. Most stars in the GC have a close-by
companion. Therefore, the wings of these PSF show strong signs
of interactions with other nearby stars. Hence, we are using an
artificial PSF for the de/convolution process to minimize the in-
fluence of overlapping wings in the SINFONI FOV of the GC. It
shows, that a rotated Gaussian-shaped PSF between 40◦ − 50◦
with an FWHM of 4.0 − 4.5 pixel in the x-direction is suitable
for the process. We use varying axis ratios between 1.0-1.2 with
respect to the x-direction. This delivers the most accurate results
when it comes to reference positions of objects in the FOV.
3.3. Orbital fit
Fitting an orbit to the data requires positions and the line-of-sight
velocities. Since multiple Doppler-shifted emission lines are de-
tected for the dusty sources, we focus on the Brγ peak because
of the S/N ratio compared to HeI or [FeIII]. To avoid source-
confusion because of the crowded FOV, we identified the inves-
tigated sources in the Doppler-shifted Brγ line maps extracted
from the SINFONI data-cubes. If possible, we verify the spatial
information from the SINFONI line maps with L′ and KS NACO
continuum images. The position of Sgr A* can be determined ei-
ther by searching for flares in the single SINFONI data-cubes or
by using the position of the NIR counterparts of the SiO Maser
in the 27mas × 27mas NACO images. From there, the position
of Sgr A* with respect to the SiO Maser in the radio-domain can
be determined. The procedure is described in detail in Parsa et al.
(2017) where the authors applied all necessary corrections dis-
cussed in Pfuhl et al. (2015). By using the position of S1, S2, and
S4, the position in the SINFONI data-cubes can be extrapolated.
By applying a Gaussian fit to the dusty sources in the SINFONI
line maps and the NACO L′ and KS continuum images, the dis-
tance to the SMBH is measured.
To derive the velocity, the Doppler-shifted Brγ and HeI spec-
tral emission lines are fitted with a Gaussian. The fit of the blue
and red-shifted lines is done in two steps. First, the continuum
spectrum is fitted and subtracted. After that, the various emission
lines of the sources and the ambient line emission like, e.g., Brγ
at 2.1661µm or HeI at 2.0586 are fitted with a Gaussian function.
These ambient lines are then subtracted from the spectrum and
the emission lines of the sources were fitted again without the
ambient emission. From this fit, we derive the central wavelength
and the Full Width at Half Maximum (FWHM). However, we
compare also the line peak values that are in a satisfying agree-
ment with the Gaussian fit. Whenever necessary, we are using
this approach in order to derive the LOS velocity of the dusty
sources.
With these spatial and velocity information, we are applying
a Keplerian fit to the data. The method is described in Parsa et al.
(2017) in detail and will be shortly outlined in the following.
We are using a Keplerian approach in order to model the or-
bits of the dusty sources. With this, we are assuming that the
motion of the objects is dominated by a stellar counterpart that
is shielded by a dusty envelope. However, we use six initial pa-
rameters for the orbital fit: semi-major axis, eccentricity, incli-
nation, periapsis, longitude, and the time tclosest of the periapse
passage. The likelihood function minimizes the residuals for the
orbital parameters. Here, the likelihood function is defined as the
weighted sum of the squared residuals. It delivers a direct feed-
back about the quality of the fit. This iterative process is then
repeated with adjusted initial parameters.
For all measured LOS velocities discussed in this work, a
barycentric and heliocentric correction is automatically applied
by the SINFONI pipeline.
3.4. Flux calibration
For the flux determination, the S-star S2 is chosen as a cali-
brator since it is the brightest and the most isolated star in the
S-cluster compared to other candidates. The spectrum of S2 is
taken from the SINFONI data cubes with a circular aperture with
radius r = 4 pixels. From this spectrum, we subtract a back-
ground taken at a nearby region that shows no contamination of
stars. From this background aperture, the averaged flux is multi-
plied by the number of pixels in the S2 aperture and subtracted
from the spectrum taken from S2. We determine the number of
counts at 2.2 µm from the resulting background subtracted spec-
trum. Afterward, we transform the known S2 KS -band magni-
tude (Schödel et al. 2010) to the flux density of 9.12 × 10−12
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erg s−1 cm−2 µm−1. In this way, the flux density for one pixel
can be derived. We multiply this number to the whole data cube,
which thereby is flux calibrated. This is done for the SINFONI
data cubes between 2005 and 2016.
3.5. Emission lines of the dusty sources
From the flux calibrated SINFONI data cubes, we create a source
spectrum with a 75 mas circular aperture. We are using an iris
background subtraction where we define a "ring" around the
circular aperture with different inner and outer radii. Compar-
ing this to background apertures placed in a 3-5 pixel distance
to the source aperture shows, that the circular-annular method
(iris subtraction) can be applied more consistently throughout
the data analysis because of the crowded environment of Sgr
A*. The generated averaged background is then subtracted from
the formerly obtained spectrum. We focus on the spectral range
between 2.0µm and 2.4µm where we identify several Doppler-
shifted isolated Brγ and HeI emission lines. To distinguish spec-
tral features of the sources from features of the background, we
subtract the background from the obtained spectrum. The result-
ing emission peaks are then fitted with a Gaussian. From the
integrated fit, the flux can be estimated.
3.6. Photometry
Here, we will describe the steps that are performed to deter-
mine the K- and H-band (upper limit) magnitudes of D2 and
D23 from the SINFONI data. We are using appropriate calibra-
tor stars that are listed in Tab. 2 and adapted from Schödel et al.
(2010). These three calibrator S-stars S2, S7, and S10 are present
name number H KS
S2 3 16.00 14.13
S7 17 17.04 15.14
S10 10 16.23 14.12
Table 2: H- and KS -band magnitudes of the three calibrator stars.
These values are adapted from Schödel et al. (2010).
in every data cube of the chosen SINFONI FOV between 2005
and 2016. The used S-stars are located in an area that is not too
crowded to avoid spurious flux from other stars. For the cali-
brator stars and the sources, the counts in an r = 3-pixel aper-
ture are extracted from the median of the SINFONI data-cube.
The counts of the detector correspond to the flux of the sources
plus the background emission. This background emission has to
be subtracted from the continuum SINFONI data cubes for an
accurate magnitude calculation. Three sets of backgrounds are
created and for each set, the mean value of five apertures with a
consistent radius is derived. In this way, the magnitude of D2
and D23 is calculated three times with different backgrounds
and, within the uncertainties of less than 13 mas, differently cen-
tered apertures on the sources themselves. Afterward, the mean
value of these results is derived. Moreover, the uncertainty of the
magnitudes with their standard deviation can be extracted with
this procedure. The fluxes of the sources are computed with the
magnitudes from Schödel et al. (2010) and the zero fluxes from
Tokunaga & Vacca (2007) using
F = F0 × 10−0.4m (1)
where F0 donates the zero flux. The background-subtracted
counts of the calibrator stars and their fluxes are used to estimate
the calibration ratio. Furthermore, the calibration ratio is used to
convert the background-subtracted counts of D2 and D23 to ob-
tain their flux. We correct the fluxes for extinction. The extinc-
tion coefficients for both wavelength bands (H- and KS -band)
are adapted from Fritz et al. (2011). It is 4.21 for the H-band and
2.42 for the KS -band.
3.7. Determination of uncertainties
The knowledge of detector related uncertainties should be con-
sidered for a critical evaluation of data points. In the following,
we want to frame some of the errors that influence the analysis.
– SINFONI
As shown in the SINFONI user manual1, the shape of a spec-
tral PSF strongly depends on the position of the photons on
the detector. Mainly because the selected pre-optics illumi-
nate the gratings inconsistently. Additionally, the over- and
under-subtraction of the sky correction (Davies 2007) plays
a major role when it comes the identification of compact
sources (like e.g. the DSO/G2, D23, and G1) that are close to
the detection limit. It should also be mentioned, that a possi-
ble velocity gradient should be analyzed with high caution.
Due to image motion, exposures of several hours can lead to
rates of more than ∼ 20 mas/hr (see Eisenhauer et al. 2003,
for more information). This apparent movement of pixels can
lead to the false interpretation of a velocity gradient.
In Peißker et al. (2019), we already discuss the spectral un-
certainty and determine a velocity uncertainty of 0.00048µm
or 67km/s. Depending on the S/N ratio, it is reasonable to
use a positional line map uncertainty of ±20 mas since this
value scales linearly with the total on-source exposure time.
– NACO
The spatial uncertainty for the NACO data is already dis-
cussed in Gillessen et al. (2009), Plewa et al. (2015), and
Parsa et al. (2017). These authors conclude in their analysis,
that using a Gaussian fit the error of stellar positions is bet-
ter than a tenth of a pixel. Since the spatial pixel scale is 13
mas, this would result in less than 1.3 mas. Because of the
crowded environment around Sgr A*, it is reasonable to as-
sume that the error range for K-band positions of the dusty
sources should be at least ±6.5mas. If the confusion level of
the investigated objects is increased because of the close dis-
tance to other sources like for example stellar emission or
dust, we assume an error range of ±13.0mas. Since most of
the dusty objects show an increased L′ magnitude compared
to the KS counterpart, this error range can be reduced even
further.
Another origin of uncertainties, that affect data from both
instruments, is the position of Sgr A*. In the NACO data, the
positional error for the SMBH in the GC ranges from 1 to 2
mas. Using faint flares for positioning can lead to values up to
6 mas. Also, the presence of S17 influences the exact position
of Sgr A*. Regarding the SINFONI observations, the data suffer
from similar problems. However, since we are combining single
exposures of 400s-600s, this process results in data cubes with
an integration time of several hours where we detect in almost
every year at least one prominent flare.
1 www.eso.org
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4. Results
In this section, we present the results of our analysis. As men-
tioned before, we emphasize the detection of D2 and D3 since
they are the brightest and most isolated members of the here in-
vestigated sources. The related spectrum taken from the SIN-
FONI data cubes is presented. Additional flux and magnitude
information are also provided as well as an orbital fit for D2 and
D3. Additionally, we present the H- and K-band detection of the
DSO/G2 source in 2010 and 2013.
4.1. Sources west of Sgr A*
Here, we will present known and unknown sources that are lo-
cated west of Sgr A*.
4.1.1. D2
Reported and discussed in Eckart, A. et al. (2013) and Meyer
et al. (2014), we find the dusty source in the blue-shifted Brγ line
map (Fig. 1). We choose that year because the FOV covers D2
and several other sources for comparison in the SINFONI data.
As a comparison, Fig. 2 shows the same source in the L′-band
in 2006. The error of the positions is between 0.5 − 1.0 pixel in
the NACO and SINFONI data-sets that cover the L′- and H+K-
band. A positional error, the data quality, and the fit variations
are summarized in the resulting uncertainty. The Doppler-shifted
Brγ and HeI velocities, that are detected in the SINFONI data are
summarized in Table 4. In Fig. 3, we show the spectrum of D2 in
2015. We find a blue-shifted HeI and Brγ peak at 2.0566µm and
2.1638µm. Also, [FeIII] emission lines are detected at 2.1433µm,
2.2160µm, 2.2403µm, and 2.3459µm (see Fig. 3). The related
velocities can be found in Tab. 4 and Tab. 5. Also, in Tab. D.1
and Tab. D.2 we list the K- and L-band positions of the NACO
data-sets between 2002 and 2018. Before 2008, the detection of
D2 in the K-band NACO data is confused with S43 (see Fig. 2).
In contrast, a clear detection of D2 in the L-band is possible for
every data-set between 2002 and 2018.
4.1.2. D23
We find this newly discovered source not only in the L′-band
NACO images (Fig. 2). The source can also be detected in the
blue-shifted Brγ line maps. D23 shows several Doppler-shifted
K-band emission lines like HeI, Brγ, and the [FeIII] multiplet
(Tab. 4 and 3). In the years between 2014 and 2018, it can be
easily confused with D3 (see Tab. D.1). Unlike D2 and D3, the
projected trajectory of the object is directed towards west. As
listed in Tab. 1, the measured Doppler-shifted Brγ line map size
is comparable to D2 and D3.
4.1.3. D3
Like D2, this source is part of the analysis in Eckart, A. et al.
(2013) and Meyer et al. (2014). D3 shows a blue-shifted Brγ ve-
locity of several hundred km/s (see Tab. 4). These two Doppler-
shifted Brγ emission lines are shown in Fig. 3. Like D2 and D23,
the blue-shifted [FeIII] lines 3G5 − 3H6 and 3G5 − 3H5 can be
detected (Tab. 3). However, the spectroscopic information of D3
is limited to a few years because of the chosen location of the
SINFONI FOV. Because of the reduced S/N ratio at the border
of the SINFONI data-cube, a detection of the [FeIII] 3G3 − 3H4
and 3G4 − 3H4 lines is not possible without confusion.
4.1.4. D3.1
Additionally, we find a source close to D3 that we name for sim-
plicity D3.1. The analysis of the L′-band NACO data shows, that
D3.1 is moving in the same proper direction as the neighbor-
ing source D3. The spectroscopic information extracted from the
SINFONI data cube of D3.1 shows a red-shifted Brγ line with
a velocity of around 50 kms−1 close to the Brγ rest wavelength
in 2015. There are detectable traces of the [FeIII] multiplet but
we can not rule out the possibility of confusing the source spec-
trum with other close by objects as D2, D23, and D3. However,
the clear red-shifted Brγ line map detection shows indications
of an elongated source close to the mentioned objects (see Fig.
1). The HeI and Brγ LOS velocity is listed in Tab. 4. Because of
the close distance of D2, D23, and D3 between 2014 and 2018,
a detection in the NACO L′ and K-band images is not free of
confusion.
4.1.5. X7
The blue-shifted X7 (see Mužic´ et al. 2007, 2010, for more in-
formation) and X8 (Peißker et al. 2019) source in the GC are
spatially close and can be characterized as (slightly) elongated
sources that point towards Sgr A*. However, X7 is prominent in
the L-band and can be identified in every available NACO data-
set. Like X8, the position angle (North-East) of X7 is around
∼ 45 deg and pointing towards Sgr A*. The object contributes
to the idea of the existence of an ionizing wind coming from Sgr
A* (consider Lutz et al. 1993; Mužic´ et al. 2010; Yusef-Zadeh
et al. 2012). Also we find blue-shifted HeI and Brγ lines with
a velocity of around 600 km s−1. The prominent [FeIII] multiplet
lines 3G5 − 3H6 and 3G5 − 3H5 are shown in Fig. 3 with a similar
blue-shifted velocity of around 500 km s−1.
4.1.6. X7.1
We additionally identify another source north of X7 with a
projected distance of around 50.0 mas - 100.0 mas that we
name X7.1. Because of the S27 NACO camera pixel scale,
an confusion-free L′-band identification can not be guaranteed.
This red-shifted source is also close to the projected position
of X7. It is furthermore located at the border of the SINFONI
data cube where we expect a non-linear behavior of the detec-
tor. However, an individual identification of this source is pre-
sented in Fig. 1. The related spectrum can be found in Fig. 3.
It shows red-shifted HeI and Brγ as well as [FeIII] 3G5 − 3H6
and 3G5 − 3H5 lines. Since the object is close to the FOV bor-
der, measuring the size is not satisfying. The LOS velocity of the
3G5 − 3H6 and Brγ line is around 380 km s−1 (see Tab. 1, 6).
4.1.7. X8
As discussed in Peißker et al. (2019), X8 is a slightly elon-
gated Doppler-shifted source that shows signs of bipolar mor-
phology. Compared with X7, both sources share similar pro-
jected positions. We derive also, as mentioned before, a com-
parable position angle (North-East) for X8 of ∼ 45 deg. The
analyzed K-band spectrum shows Doppler-shifted HeI and Brγ
lines. Like for X7, the [FeIII] multiplet is detected at 2.1441 µm
(3G3 − 3H4), 2.2169 µm (3G5 − 3H6), 2.2410 µm (3G4 − 3H4),
and 2.3469 µm (3G5 − 3H5) in 2015. The detected velocity for
the 3G5 − 3H6 [FeIII] line is around 120 km s−1 whilst the blue-
shifted Brγ line is at 220 km s−1 (see Tab. 1, 6).
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Fig. 3: Spectrum of the dusty sources in the GC in 2008 and 2015. The K-band spectrum between 2.0µm and 2.4µm is continuum
subtracted. The red solid line marks the HeI and Brγ rest wavelength at 2.0586µm and 2.1661µm respectively. The dashed black
lines mark the range of the detected blue and red-shifted emission lines. The green bars represent the range of the detected Doppler-
shifted [Fe III] lines. The 3G5 − 3H6 and 3G5 − 3H5 line are the most prominent of the [Fe III] multiplet. For reasons of clarity
and comprehensibility, the weaker 3G3 − 3H4 and 3G4 − 3H4 line are not marked. We only include spectra of sources that show a
line map counterpart in the SINFONI data cubes. Because of the proper motion of the investigated objects and the limited FOV, the
observation of the sources is not possible throughout the entire set of SINFONI data cubes between 2005 and 2016. The intensity
of the spectrum is in arbitrary units (a.u.).
4.2. Sources east of Sgr A*
In this subsection, we show the results of the analysis of sources
that are located east of Sgr A*.
4.2.1. G1
The spectroscopic analysis of G1 delivers a LOS velocity of
around 1200 km s−1 at a blue-shifted Brγ emission line of
2.1575µm in 2008 which is consistent with Pfuhl et al. (2015)
and Witzel et al. (2017). In their work, the authors trace G1 in
the K- and L-band. We find the source in the blue-shifted SIN-
FONI line maps in a distance of around 170 mas to Sgr A* in
2008. The compactness is indicated by the measured size of the
object (Fig. 1). Doppler-shifted [FeIII] lines are not detected.
4.2.2. DSO/G2
The DSO/G2 is the focal point of many observations (Gillessen
et al. 2012; Witzel et al. 2014; Valencia-S. et al. 2015; Pfuhl et al.
2015; Gillessen et al. 2019) and has a confirmed L′ counterpart
that is observed with the NACO S27 camera in imaging mode.
Based on the H+K-band data-cubes, we find an H-, K-, and L-
band continuum counterpart of the DSO/G2 that is presented in
Fig. 4 (middle figure), Fig. 5, and Fig. F.1 taken from Peißker
et al. (in prep.). The position of the source is consistent with the
line map detection and the L-band observation of the GC. In the
presented Brγ channel maps as well as the H- and K-band de-
tection, the emission that is associated with the DSO/G2 source
indicates a rather compact origin (see also Fig. 1). In Fig. 4, we
show that the L′-band detection is consistently compact. Besides
the prominent Doppler-shifted Brγ and HeI emission line detec-
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source spectral line central wavelength [µm] flux [10−16 erg/s/cm2]
D2 [Fe III]λ2.145 µm 2.14338 ± 0.00017 4.039 ±0.009
[Fe III]λ2.218 µm 2.21605 ± 0.00016 7.951 ± 0.014
[Fe III]λ2.243 µm 2.2403 ± 0.0003 6.392 ± 0.016
[Fe III]λ2.348 µm 2.3459 ± 0.0002 11.25 ± 0.03
D23 [Fe III]λ2.145 µm 2.14323 ± 7 × 10−5 2.898 ± 0.008
[Fe III]λ2.218 µm 2.21615 ± 6 × 10−5 8.186 ± 0.014
[Fe III]λ2.243 µm 2.24006 ± 0.00013 4.661± 0.012
[Fe III]λ2.348 µm 2.34580 ± 8 × 10−5 7.171 ± 0.014
D3 [Fe III]λ2.145 µm - -
[Fe III]λ2.218 µm 2.21380 ± 0.00017 6.285 ± 0.017
[Fe III]λ2.243 µm - -
[Fe III]λ2.348 µm 2.34450 ± 0.00058 8.893 ± 0.023
Table 3: Doppler shifted [Fe III] emission lines of D2, D23, and D3.
D2 D23 D3 D3.1
year vHeI [km/s] vBrγ [km/s] vHeI [km/s] vBrγ [km/s] vHeI [km/s] vBrγ [km/s] vHeI [km/s] vBrγ [km/s]
2005 -430 -490 -250 -239 - - - -
2006 -564 -531 -216 -217 - - - -
2007 -523 -479 -226 -215 - - - -
2008 -395 -490 -259 -253 -318 -318 145 116
2009 -458 -440 - - - - - -
2010 -377 -410 -243 -257 - - 131 138
2011 -401 -387 -281 -266 - - 89 198
2012 -333 -367 -262 -266 - - 160 152
2013 -353 -349 -292 -284 - - 136 145
2014 -346 -368 -335 -332 - - - -
2015 -294 -319 -324 -325 -660 -710 58 46
2016 -356 -309 - - - - - -
Table 4: Line-of-sight velocities of D2, D23, D3, and D3.1. For D2, D23, and D3.1 we can extract these values directly from the
spectroscopic analysis of the SINFONI data cubes. The spectroscopic information for D3 in 2008 are extracted from Meyer et al.
(2014). We determine an uncertainty of 0.0005 µm. This results in a velocity of ∼ 36 km/s for the HeI and Brγ emission line.
tion in the K-band, we can not confirm additional features in
that wavelength domain that could be connected to the DSO/G2
source. We also present stacked K- and H-band continuum im-
ages extracted from our data-cubes (Fig. 5). The same continuum
images are used for the Lucy-Richardson deconvolution that is
presented in Fig. F.1.
4.2.3. D5
The dusty source D5 is presented in Eckart, A. et al. (2013) but
also mentioned in Meyer et al. (2014). In Fig. 3, we present a
spectrum of this source extracted from the 2008 SINFONI data
cube. Like D2 and D3, the proper motion is directed towards
North-East in the projected direction of IRS16 (Fig. 1). Because
of the on Sgr A* centered FOV of around 1”.0 and the trajectory
of D5, we can not identify the source after 2009 in the SIN-
FONI data sets. The LOS velocity of D5 can be determined to
60 km s−1 with a red-shifted HeI line of 2.0590 µm in 2008. How-
ever, the Doppler-shifted Brγ line at 2.1676 µm can be translated
to a LOS velocity of 210 km s−1. D5 is not showing signs of
[FeIII] emission lines which is consistent with the spectral anal-
ysis presented in Meyer et al. (2014).
4.2.4. D9
The source D9 is newly discovered and can be found North of
S2 (see Fig. 2 for the position of the B2V star). Because of the
extended wings of the star, the continuum information of D9 is
difficult to obtain. However, we are able to trace the blue-shifted
Brγ and HeI line in the years 2008, 2010, and 2012 (see Fig.
1, 3). We find an almost constant velocity of 150 km s−1 with
a related blue-shifted Brγ emission line at 2.1649µm (Fig. 1).
The blue-shifted HeI line of D9 at 2.05671µm is equivalent to
145 km s−1 and matches the Brγ line velocity. Like G1, DSO/G2,
and D5, D9 is not showing traces of the [FeIII] multiplet.
4.3. Keplerian orbital fit
Since D2 and D3 are the most prominent and bright dusty
sources besides X7 in the vicinity around Sgr A*, we empha-
size the analysis of these two objects by fitting a Keplerian orbit
to the extracted data points (Tab. D.1 and Tab. D.2). Neverthe-
less, during the analysis of D2 and D3, we collect additional
information about the two close-by sources D23 and D3.1 (see
Fig. A.1 in the appendix). We find that the orbits for at least
D2, D3, and D3.1 exhibit a similar orbital shape (see Fig. 9). In
contrast, the orientation of the D23 orbit is almost perpendicu-
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Fig. 4: Galactic center observed in the L- and H+K band with NACO and SINFONI in 2012. North is up, east is to the left. Here, the
position of the DSO/G2 is marked with a dashed circle. Sgr A* is located at the position of the ’x’. The Keplerian orbital fit is based
on the Brγ line maps of the DSO/G2 (left image) between 2005 and 2016. The K-band continuum image is a background-subtracted
high-pass filtered image with 10000 iterations. For the de/convolving process, a Gaussian-shaped APSF is used with an FWHM of
4.7px. The right image is a cutout of a NACO L-band mosaic observed in 2012 with a pixel scale of 27mas/px. The total integration
of the NACO image is ∼ 450s, the on-source integration time of the SINFONI cube is ∼ 610min.
D2 D23 D3
emission line [µm] RV [km/s] σ [km/s] RV [km/s] σ [km/s] RV [km/s] σ [km/s]
2.145 -227 24 -248 10 - -
2.218 -264 21 -251 9 -676 14
2.243 -357 34 -393 17 - -
2.348 -265 28 -280 10 -511 63
Table 5: Line-of-sight velocities based on the Doppler shifted [Fe III] line emission for D2, D23, and D3 in 2015. The σ is the
standard diviation. The 3G − 3H multiplet is represented by the listed [Fe III] rest emission lines.
[FeIII] line map properties X7.1 D3.1 X7 X8 D2 D23 D3
Velocity in km/s +383 -550 -488 -122 -264 -251 -676
FWHM in km/s 216 216 162 148 175 94 110
Uncertainty in km/s 33 33 20 20 21 9 14
Table 6: [FeIII] line map properties related to Fig. 6. The blue- and red-shifted line maps are based on the 3G5 − 3H6 [FeIII] emission
line at 2.2178µm.
Source a [mpc] e i [◦] Ω [◦] ω [◦] tclosest [years]
D2 30.01 ± 0.04 0.15 ± 0.02 57.86 ± 1.71 221.16 ± 1.43 44.11 ± 1.14 2002.16 ± 0.03
D23 44.24 ± 0.03 0.06 ± 0.01 95.68 ± 1.14 120.89 ± 3.15 93.39 ± 1.89 2016.00 ± 0.03
D3 35.20 ± 0.01 0.24 ± 0.02 50.99 ± 1.20 206.26 ± 1.76 63.59 ± 2.29 2002.23 ± 0.01
D3.1 31.46 ± 0.01 0.06 ± 0.02 63.02 ± 1.04 47.89 ± 0.96 231.47 ± 1.18 2004.37 ± 0.008
Table 7: Orbital parameters for the dusty sources D2, D23, D3, and D3.1. The given standard deviation is based on the spatial and
detector uncertainties.
lar to the other members of the "D-complex" and points towards
IRS13N. It is also moving clockwise on its projected orbit whilst
the other sources are moving counter-clockwise. Because of the
distance, a connection between the IRS13 cluster and D23 can
be excluded. It is evident that the absolute value of the eccentric-
ity (Tab. 7) and the LOS velocity (Tab. 4) for D2, D3 and D3.1
are comparable.
The derived errors (standard deviation) and the orbital pa-
rameters (mean values) in Tab. 7 are based on a variation of the
positional data in R.A. and DEC. as well as the FWHM of the
resolution of the velocity. In this way, we are including all known
and unknown uncertainties.
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Fig. 5: H- and K-band detection of the DSO/G2 object. Here, we stack the continuum images that are used for the Lucy-Richardson
detection of the DSO/G2 (see Appendix F, Fig. F.1). We apply for the K- and H-band detection the shifting vector from the Brγ de-
tection. The stacked continuum emission in K- and H-band is at the expected position considering the Brγ and the Lucy-Richardson
deconvolved images. In every image, north is up and east is to the left. The two overview figures to the left are 0”.56 × 0”.68.
The two zoomed-in images to the right are 0”.18 × 0”.21. The contour levels are at 80% of the peak intensity of the object at the
expected position of the DSO/G2 (right image).
4.4. Abundance/Ionization parameter
We use the [Fe III]/Brγ line ratio as a combined abun-
dance/ionization parameter (AIP) for the detected dusty sources
that are located west of the Brγ feature (Fig. 6). The orbital pa-
rameters of our estimated Keplerian orbit show, that D2, D3, and
D3.1 have similar projected trajectories (see Fig. 9). Nonethe-
less, we find at least for X7, X8, D2, D23, and D3 Doppler
shifted [Fe III] lines (see Fig. 3, Peißker et al. (2019), and Meyer
et al. 2014). For D3.1, we detect weak traces of the iron emis-
sion lines with a ratio of about D23[Fe III] / D3.1[Fe III] ∼ 4. Ta-
ble 8 shows the AIP ratio based on the [Fe III]/Brγ flux mea-
surements. We find AIP values for D2, D23, D3, X7, X7.1, and
X8 between 24% and 67%. In this sample, X7.1 shows the low-
est amount of metal abundance whilst the spectrum of X8 con-
tains the strongest [Fe III] lines compared to its Brγ emission
(see Fig. A.3 in the appendix). Depending on the spectrum, we
are using either the 3G5 − 3H6 or 3G5 − 3H5 transition of the
Source AIP in [%]
X7 36
X7.1 24
X8 67
D2 26
D23 35
D3 44
Table 8: Abundance/Ionization parameter based on the [Fe
III]/Brγ integrated line ratio in 2015.
Doppler shifted [Fe III] line (Fig. A.3, appendix). By using the
[Fe III]/Brγ ratio as a function of the Sgr A* offset plot from
Lutz et al. (1993) and including the values for X7, X7.1, D2,
D23, and D3, we find an increased AIP towards the Galactic
center (see Fig. 10).
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Fig. 6: [Fe III] and Brγ line distribution in the Galactic center around Sgr A*. In every image, north is up and east to the left. The
scaling of the figures is either mentioned or match the marked squares.
Figure a): We adapt the Brγ detection presented in Lutz et al. (1993) in the GC around SgrA*. The green box marks the size of the
SINFONI FOV. The red circle with the open side towards the west indicates the position of the SgrA* bubble that is described in
detail in Yusef-Zadeh et al. (2012).
Figure b): A zoomed-in figure of a). SgrA* is marked with a red cross.
Figure c): The Brγ line map at around 2.1661 µm extracted from our SINFONI data-cube in 2015. The bright north-south Brγ-bar
can be detected in every data-cube and is approximately at the position of the open side of the SgrA* bubble.
Figure d): [FeIII] distribution around SgrA*. The [FeIII] line-map emission of the dusty sources around SgrA* is shown in Fig. B.1.
Figure e): A zoomed-in cutout of d). The edge of the [FeIII] distribution coincides with the position of the detected Brγ-bar shown
in c). From a) and b) we can conclude, that the [FeIII] emission is significantly decreased inside the SgrA* bubble.
The related velocities, uncertainties, and widths of the [FeIII] line emission are given in Tab. 6. The here described phenomena are
in line with Yusef-Zadeh et al. (2012) (see also Fig. 5 in the mentioned publication and Appendix E, Fig. E.1).
4.5. Magnitudes of dusty sources
For the photometric analysis of D2, D23, and D3 in the NACO
and SINFONI data between 2002 and 2018, we are using the
calibrator stars S2, S7, and S10 (see Tab. 2). With the method
described in Sec. 3, we derive a KS -magnitude for the bright
sources of the D-complex. For the H-band magnitude, we can
estimate an upper limit. For D2, D23, and D3 sources, we find
values of magHup = 22.98, magHup = 22.22, and magHup = 21.3
for H-band upper limits, K-band magnitudes of magK = 18.1,
magK = 19.7, and magK = 19.8, and L′-band magnitudes of
magL′ = 13.5, magL′ = 15.13, and magL′ = 13.8, respectively.
Because of the limited SINFONI data sets that show D3 and the
chance of interference effects for the flux measurements by the
close source D3.1, we are adapting the H (upper limit), K, and
L′-band magnitude values presented in Eckart, A. et al. (2013).
The magnitudes for D2, D23, and D3 can be found in Tab. 9.
The L′-band magnitude of D23 is extrapolated from the D2 and
D3 values by using the counts of the source. For that, we derive
the ratio of the peak intensity from the emission area of D2 and
D23. The resulting peak-count ratio can be used together with
magL′ = −magS 2 + 2.5 × log (ratio) , (2)
where magS 2 donates the extinction corrected S2 L′ magnitude
of 11.52 Clénet et al. 2001, 2003 and 11.16 (Hosseini et al., in
prep.; Dereddened with AK=2.4). The L′ magnitude for D23 of
magL′ = 15.14 is an average because of the slight variations of
the S2 L′ magnitude. Using these values and applying a one-
Source magH magK magL′
D2 22.98 18.1+0.3−0.8 13.5
D23 22.22 19.7+0.4−0.3 15.13
D3 21.3 19.8 13.8
Table 9: Magnitudes of D2, D23 and D3 in the H-, KS -, and
L′-band in 2004 and 2015.
component, single-temperature blackbody model, we can repro-
duce the observed and detected emission (Fig. 11) of D2, D23,
and D3 that are presented in the upcoming section.
2 Dereddened with AK=2.7
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Fig. 7: Orbit of D2. The here used data is extracted from the spectrum extracted from the SINFONI data cube between 2002 and
2018. To enhance the accuracy of the Keplerian fit, we add the NACO L′- and K-band positions of D2.
4.6. SED modeling of dusty sources
We use the flux densities of the studied dusty sources – D2, D23,
and D3 – in H, Ks, L′, and M bands to construct their spectral
energy distribution (SED) model. First, we fit a one-component,
single-temperature blackbody model (BB) to their spectra using
the flux-density prescription,
S ν(RD,TD) = (R/dGC)2 piBν(TD) , (3)
where RD and TD are the radius and the temperature of the
optically thick photosphere of the dusty sources, respectively,
and Bν(TD) is the Planck function. We set the Galactic centre
distance to dGC = 8200 pc, which is consistent with the recent re-
sult by the GRAVITY collaboration (Gravity Collaboration et al.
2019). This value is close to the one inferred from S2 star obser-
vations with GRAVITY VLTI instrument in Ks-band (Gravity
Collaboration et al. 2018). The flux densities in mJy as well as
the fitted models for the three dusty objects are depicted in Fig.
11. For all the three sources, the single-temperature BB model
fits the continuum flux densities well, with the reduced χ2r of
1.51, 11.12, and 5.76 for D2, D23, and D3, respectively. The
best-fit parameters along with their 1σ uncertainties are listed in
Tab. 10.
In general, the BB best-fit temperatures for all three sources
are the same within the uncertainties TD ∼ 500 K, which is most
likely due to warm dust heated by the star from inside. The op-
tically thick dust layer has the characteristic black-body length-
scale of RD ∼ 1 AU, which is also the same for all the objects
within the uncertainties.
The temperatures of the investigated objects show a good
agreement with the values for the DSO/G2 source (Fig. 4) de-
rived in Eckart, A. et al. (2013) and Zajacˇek et al. (2017). Here,
we revisit the blackbody fit of the DSO, including the H-band de-
tection for the first time, see Fig. 12. A single component black-
body fit yields the temperature of TDSO = 626± 87 K and the ra-
dius of RDSO = 0.5±0.3 AU with the reduced χ2 of χ2r = 6.2, see
also Table 10 for the one component (1C) fit parameters. For this
model fit, the H-band flux density is clearly offset and larger than
the model-fit value. This motivates an improved, two-component
model that consists of a star and its circumstellar envelope. We
perform several trial fits, where we fix the SED of a star and
search for the temperature and the radius of the surrounding cir-
cumstellar envelope. The best-fit with the reduced χ2 equal to
unity is obtained for the star with the effective temperature of
3253 K and the stellar radius equal to one Solar radius. The cor-
responding best-fit envelope temperature is TD = 514 ± 41 K
and its radius is RD = 0.97 ± 0.31 AU. In summary, the two-
Article number, page 13 of 34
A&A proofs: manuscript no. main
Fig. 8: Orbit of D3. This dusty source is part of the "D-complex" located west of Sgr A*. The used data is based on the NACO L′-
and K-band identification of D2. The Doppler-shifted Brγ and HeI LOS velocity is adapted from the spectrum presented in Meyer
et al. (2014) and the spectroscopic analysis of the SINFONI data cube of 2015.
Parameter D2 D23 D3 DSO/G2 (1C-fit) DSO/G2 (2C-fit)
TD [K] 517 ± 10 506 ± 44 491 ± 40 626 ± 87 514 ± 41
RD [AU] 1.26 ± 0.14 0.90 ± 0.39 1.17 ± 0.37 0.50 ± 0.31 0.97 ± 0.31
slope KL′ (Lada YSO class) 5.02 (I) 4.69 (I) 7.38 (I) 4.15 (I) 4.15 (I)
χ2r 1.51 11.12 5.76 6.20 1.00
Table 10: Best-fit parameters (TD,RD) of the single-temperature BB model, including also the spectral slope (with the corresponding
Lada YSO type), and the reduced χ2 of the BB model. The abbreviation 1C-fit stands for one component fit and 2C-fit represents
two components – star and dusty envelope.
component model including the star significantly improves the
goodness of fit.
The standard classification of young stellar objects (YSOs)
is based on the slope α of spectral energy distribution (SED)
between 2.2 µm and 20 µm (Lada 1987), using the prescription
νS ν ∝ λα, which can be calculated between K and L′ bands as
follows,
α ≡ log (νL′S L′/νKS K)
log (λL′/λK)
. (4)
Using Eq. (4), we calculate the spectral slope between K and
L′ bands for the dusty sources, see Table 10. According to Lada
(1987), D2, D23, and D3 would be YSOs of type I, since their
derived spectral slope is α  0.3. Thus, dusty sources studied
in this paper could represent young stars embedded in optically
thick dusty envelopes, which can explain the prominent NIR-
excess between Ks- and L′-bands, see Fig. 11. This is underlined
by the Keplerian orbit (Fig. 9) and the not present evaporation
effects caused by the high ionizing environment around Sgr A*.
For the D23 and D3 source, the upper limit of the flux density
in Hs-band is larger than the corresponding fitted value, which
could hint the contribution from the stellar photosphere in a sim-
ilar way as for the DSO, see Fig. 12 (right panel). For the DSO,
the K−L′-band slope is similarly inverted, α = 4.15, as for other
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Fig. 9: Orbit of D2, D23, D3, and D3.1. The Keplerian fit is based on the data presented in Tab. D.1 and D.2. The dashed circle
indicates the investigated area in the SINFONI data cubes. The Doppler-shifted Brγ line map shows the emission of D2, D23, and
D3 (underlined by 50% peak intensity contour lines). In the line map, north is up, east to the left. We do not show the line map of
D3.1 since it would dominate the emission of the other sources (for that, consider Fig. 1).
Fig. 10: The [Fe III]/Brγ flux ratio as a function of the Sgr A* offset. The plot is adapted from Lutz et al. (1993), the colored data
points are extracted from the SINFONI data cube of 2015. We do not include X8 in this plot because its flux ratio is 0.67 and
therefore outside the bonds of the adapted figure.
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Fig. 11: Single-temperature blackbody models of three dusty sources – D2, D23, and D3 – are represented by lines (black-solid,
blue-dashed, green-dashdot, respectively) with the parameters according to the legend. The continuum flux densities are depicted
by points according to the legend.
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Fig. 12: Blackbody SED model of the DSO/G2 infrared source. Left panel: One component blackbody fit with the parameters
according to the legend. Measured flux densities are depicted as orange points with corresponding errorbars. Right panel: Two-
component blackbody fit (star+ dusty envelope). The black solid represents the total emission, while the red dashed line stands for
the stellar emission and the blue dot-dashed line represents the dusty envelope emission with the parameters according to the legend.
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D-sources which is quite distinct from the stellar SED slope of
α ≈ −2.
4.7. Implications for the nature of D-objects
D-sources are located inside the S-cluster with an approximate
radius of rcluster = 1′′ ∼ 0.04 pc. Their blackbody temperature
of ∼ 500 K, which was determined in the previous section, is
larger than the typical temperature of ∼ 200 − 300 K of dusty
filaments in the innermost parsec, namely the minispiral arms
and dust around infrared sources IRS3 and IRS7 (Cotera et al.
1999), see also the illustration in Fig. 13. Given the number of
S-stars – around N ∼ 30, the mean distance is expected to be
l ∼ rcluster/N1/3 ∼ 0.01 pc = 2700 AU. If there is any dusty
clump or filament, its temperature due to external irradiation is
given by (Barvainis 1987),
Tdust = 9.627
(LUVL
) (
rd
1 pc
)−2
exp (−τUV)
1/5.6 K , (5)
where LUV is the UV luminosity of the central source expressed
in Solar luminosity, rd is the dust distance from the source, and
τUV is the optical depth. Considering the S2 star, its bolomet-
ric luminosity was inferred to be LS2 = 104.26 L (Habibi et al.
2017), from which we calculate the UV luminosity in the UV
wavelength range of λ = 1 − 400 nm, LUV = 104.23 L. For this
luminosity, and using Eq. 5 in the optically thin case, we get the
dust temperature of Tdust = 260 K, which is consistent with the
warmest dust sources in the Galactic Center region (Cotera et al.
1999).
Therefore the higher temperature of the D-sources implies
the presence of an internal source of heating, that is a star with
the UV luminosity of less than 10 L, which gives the sublima-
tion radius of rsub ' 1.5 AU. The stellar parameters that we in-
ferred in the best model fit for the DSO – T? = 3253 K and
R? = 1R – meet this criterion, since the overall stellar bolo-
metric luminosity is L? = 4piR2?σT
4
? = 0.1 L and the UV lu-
minosity is LUV = 4 × 10−4L. By inverting Eq. (5), we ob-
tain the sublimation radius rsub(Tdust = 1000 K) = 0.009 AU and
the dust temperature of Tdust = 500 K is reached at rd(Tdust =
500 K) = 0.065 AU, that is well within the overall extent of the
DSO, RDSO ∼ 1 AU.
The bolometric luminosity of the dusty envelope then is
Lenv = 4piRenv2σTenv4 = 2.6 L, hence it clearly dominates the
overall luminosity of the DSO. In this context, the D-sources
could be low-luminosity, light young stars of type I that are rem-
nants of the most recent star-formation episode in the inner par-
sec of the Galactic center. It is not clear whether they manifest
a single separate star-formation epoch, such as due to an infall
of a cloud from the more distant regions in the Central Molecu-
lar Zone, or rather they formed from the material left-over from
the formation of OB stars in an accretion disc ∼ 5 million years
ago (Levin & Beloborodov 2003), that is a secondary population
of lighter objects formed from compressed wind-swept shells.
The presence of low-mass stars still surrounded by primordial
accretion material in the OB associations in the Galactic plane
is observationally well-established (Briceño et al. 2007). While
massive OB stars evolve fast on the main sequence at 5 Myr, low-
mass stars of 0.1-0.2 M move still vertically along the Hayashi
track (Baraffe et al. 1998), being surrounded by accretion discs
up to 10 − 20 Myr. D-objects could in principle manifest this
”mass-separation” of young stars in the direct vicinity of Sgr A*,
providing an opportunity for testing various star-formation mod-
els in the direct influence of the SMBH.
coreless dusty filaments TD~250-300 K
Sgr A*
S stars
Ts~20-30 x 103 K
D objects
TD~500 K
RD~1 AU
TS~3-4 x 103 K
S cluster  1''~0.04 pc
Fig. 13: Illustration of colder D-objects as dust-enshrouded
stars inside the S cluster that consists predominantly of stars
of spectral type B. D-objects have the characteristic tempera-
ture of ∼ 500 K, which is larger than the temperature of other
dusty structures in the region, namely the minispiral filaments of
200 − 300 K.
5. Discussion
Here, we discuss our findings of the NACO and SINFONI analy-
sis. We also give a brief outlook towards upcoming observations
and possibilities with the Mid-Infrared Instrument (MIRI).
5.1. NIR sources
Our analysis of the infrared H-, K-, and L′-data combined with
the one- and two-component blackbody modeling shows that the
dusty sources may be part of the S-cluster (r < 0.04 pc) popula-
tion. These dusty sources are possible young stellar objects that
are embedded in a potentially non-spherical dusty envelope as
shown for the DSO/G2 (Fig. 12). These envelopes may include
a optically thick dusty section, bipolar cavities, as well as a bow
shock.
Jalali et al. (2014) have focused particularly on the IRS 13N
located 0.1 pc away from Sgr A*. Its properties suggest that
these objects form a group of young stars with about five em-
bedded young stellar objects (<1 Myr). Jalali et al. (2014) per-
formed three-dimensional hydrodynamical simulations to follow
the evolution of molecular clumps orbiting Sgr A*. Assuming
that the molecular clumps are isothermal 50-100K containing
100 M in a region of 0.2 pc radius. Hence, the authors were
able to constrain the formation and the physical conditions of
such groups of young stars.
The authors also argue that such molecular clumps can originate
in the CND. Dissipation of orbital energy in the CND result in
highly eccentrical orbits with clumps experiencing a strong com-
pression along the orbital radius vector and perpendicular to the
orbital plane. This causes increased gas densities higher than the
tidal density of Sgr A*, triggering the rapid formation of solar
mass stars.
– D2, D23, D3, D3.1
In Fig. 2, we show dusty sources D2, D3 with the newly dis-
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covered objects D23 and D3.1. In 2006, these sources are
still isolated compared to 2015 where the chance of confu-
sion is high.
Since there is an overlap of D3 and D3.1 (see Fig. 3), the
shape of the spectrum shows multiple peaks. We identify
the D3 related Doppler-shifted emission peaks with the SIN-
FONI line maps. However, a bipolar morphology (Yusef-
Zadeh et al. 2017b; Peißker et al. 2019), that is indicated by a
complex peak structure, could be speculated and is discussed
in Sec. 5.2. For the sake of completeness, it should be men-
tioned that the chance of confusion for the identification of
D3.1 in the SINFONI data cubes is rather high in 2015. Spec-
troscopically, it is close to the Brγ rest wavelength. However,
we also find red-shifted HeI and [Fe III] emission lines at the
approximate position of their related rest wavelength. Since
the chosen location of the SINFONI FOV in various years is
not covering the expected area of D3.1, we are not able to
expand our analysis.
In contrast, the D-complex members D2, D23, D3 can be
traced an analyzed as presented in Sec. 4. Based on our
K- and L′-band data, we determine their magnitudes and
give an upper limit for the H-band. Our single temperature
BB model fits the flux emission of the dusty sources. In
general, gas clouds/clumps in the vicinity of Sgr A* show
temperatures much lower than our fitted model (see also
Genzel et al. 2010). Therefore, the external heating of the
dusty-sources seems unlikely. Vice versa, the dusty sources
D2, D23, and D3 could have an internal heating source that
might be indeed of stellar nature.
– X7, X7.1, X8
The X-sources X7, X7.1, and X8 are grouped like the
D-complex in the vicinity of Sgr A*. All three sources show
Doppler-shifted HeI, Brγ, and [FeIII] emission lines and can
be detected in the SINFONI line maps. From the observa-
tions, it is not clear if X7 and X7.1 share a similar history
because the detection of the later one is limited to 2015. X7
can be detected in various bands with a comparable position
angle (North-East) to X8 of around 45 deg. Because X7.1
is located too close to the edge of the SINFONI FOV, a
analysis of the shape and its elongation is difficult. Since
X7 and X8 show signs of a bow-shock (Mužic´ et al. 2010;
Peißker et al. 2019), we can just speculate if X7.1 might
also share a similar nature. This, however, could be part
of future observation programs. If a bow-shock could be
confirmed for X7.1, it might add another source to the
proposed wind-direction of East-North to South-West with
respect to Sgr A* (Yusef-Zadeh et al. 2012; Shahzamanian
et al. 2015). This would increase the importance of the
X-sources since the proper motion of at least X7 is directed
in a direction, where no wind should be active. Therefore,
X7 could change its shape in the future.
– DSO, G1, D5, D9
Like the DSO/G2, G1 survived its peri-center passage with-
out being disrupted and can be traced on a highly eccen-
tric orbit (see Fig. 1 for a detection of G1 after the pericen-
ter passage in 2008). As Witzel et al. (2017) and Zajacˇek
et al. (2017) points out, these two sources are more likely a
YSO/star embedded in a dusty envelope. This is underlined
by the detection of the DSO/G2 source as a compact object
at peri-apse by Witzel et al. (2014) as well as the H- and
K-band detection presented and analyzed in this work (see
Fig. F.1 and Fig. 12). The, in several publications described,
tidal evolution of the gas emission (Gillessen et al. 2013a,b;
Pfuhl et al. 2015; Plewa et al. 2017) can not be confirmed
in our data-sets (see Valencia-S. et al. 2015). In contrast,
we are detecting a compact source close to periapse in 2013
(Fig. 4, F.1). We want to add, that the authors of Valencia-S.
et al. (2015) show the sensitive connection between the sub-
tracted background and the extracted spectrum of the source.
Considering the report of a drag force for the DSO/G2 by
Gillessen et al. (2019), it would be interesting to investigate
the effect of the background subtraction.
In the case of the DSO/G2, dust-dust scattering could be
accounted for the observed emission (Zajacˇek et al. 2017).
Even though G1 and the DSO/G2 share some similarities,
Witzel et al. (2017) conclude that both sources are not part
of a gas streamer in the way, that was proposed by Pfuhl
et al. (2015). The authors propose, that the emission of the
two sources is rather of non-stellar origin. Considering also
the polarization results of Shahzamanian et al. (2016) for
the DSO/G2, the observational evidence presented by the au-
thors strongly favors an explanation that goes beyond a pure
gas-cloud model.
Some sources are moving out of the available SINFONI FOV
because of their proper motion. D5 ((Eckart, A. et al. 2013)
and Fig. 1) for example can be barely observed after 2008.
More observations are needed to expand the analysis in order
to evaluate the nature of the object. This can also be applied
to D9 that is located north of S2.
5.2. The case of D3 and D3.1
Figure 1 and Fig. 2 both show the sources D3 and D3.1 in the
2006 NACO dataset and the 2015 SINFONI cubs. Over 10 years,
both sources moved with a very similar projected proper mo-
tion direction towards North-East (see Tab. D.2 and Fig. 9). They
show Doppler-shifted Brγ, HeI, and [Fe III] emission that clearly
distinguishes these sources against the background emission. As
indicated by Fig. 3, the bright Brγ emission line of both sources
is present in the spectrum as a double peak that is blue and red-
shifted. As shown by Yusef-Zadeh et al. (2017b), star formation
in the form of Bipolar outflow sources is still ongoing close to
the Galactic center. For D3 and D3.1, it can just be speculated if
the observed properties indicate the presence of a bipolar sce-
nario. Judging by our orbit overview presented in Fig. 9, the
possibility for a common origin for both sources is rather low.
Currently, they are not targeted by a possible wind that proba-
bly originates at the position of Sgr A* (see Lutz et al. 1993;
Mužic´ et al. 2010; Yusef-Zadeh et al. 2012; Peißker et al. 2019;
Yusef-Zadeh et al. 2017a, for more information). If the wind
coming from Sgr A* causes a shock or the elongated shape that
we observe for X7 and X8, the objects D3 and D3.1 but also D2
are the perfect candidates to prove its existence. For that mat-
ter, the speculated shielding from the ionizing X-ray radiation
could lead to disappearing [Fe III] emission lines when these
sources cross the discussed Brγ-bar (Fig. 6, see Sec. 5.4) in the
Galactic center. However, an identification of these sources is
afflicted with a high chance of confusion when they move to-
wards the more crowded S-cluster. For a clear identification in
the objects in the vicinity of Sgr A*, spectroscopic information
is crucial. Because of their dust, mid-infrared observations (with,
e.g., MIRI) combined with a spectroscopic analysis is crucial to
get a deeper understanding of these sources.
Article number, page 18 of 34
F. Peißker et al.: Monitoring dusty sources in the vicinity of Sgr A*
5.3. [Fe III] emission
In contrast to the already indicated but not further commented
line detection of ionized iron for D2 and D3 in Meyer et al.
(2014), we report in addition to the blue-shifted Brγ and HeI
a Doppler-shifted [FeIII] 3G − 3H multiplet for the investigated
sources (see Fig. 3 and Sec. 4). A confusion, as mentioned by
Depoy & Pogge (1994), with other near-infrared emission lines
can be expelled since the observed [FeIII] lines are Doppler-
shifted and can be thereby distinguished from other lines. For the
X7, X7.1, X8, D2, D23, and D3 sources, a Doppler shifted [Fe
III] line emission is detected in the SINFONI data cubes (Fig.
1, 3). We find also a weak Doppler-shifted [FeIII] emission at
the position of D3.1 that distinguishes the source from the rest
wavelength emission. When it comes to the charge transfer re-
action of [Fe II] and [Fe III], the authors of Lutz et al. (1993)
discuss the ratio of the ionized iron lines with
Fe2+ + H → Fe+ + H+ . (6)
As pointed out by the authors, because of the missing informa-
tion about the efficiency of the charge transfer reaction, it is dif-
ficult to evaluate the importance of the [FeIII] line compared to
the total iron budget. Even though the amount of the, in this work
analyzed sources, is low for a statistical evaluation, the findings
indicate, that the chance is rather high to detect Doppler-shifted
[FeIII] lines in dusty sources west of Sgr A*. So far, none of the
observed sources east of the Brγ emission bar (Fig. 6) are show-
ing signs of Doppler-shifted [FeIII] lines. Even without the effi-
ciency information, this could be explained by the charge trans-
fer radiation equation (Eq. 6). It can be speculated, that the origin
of these lines is most probably the strong X-ray radiation of Sgr
A*. A possible wind, that originates at the position of the SMBH
produces a shock front in the ambient medium in the form of the
observed Brγ-bar feature (Fig. 6).
5.4. Brγ emission bar
The here reported ionized and Doppler-shifted iron lines can
be detected throughout almost all sources that are located west
of the Brγ-bar that is observed in the SINFONI line maps at
2.1661µm (see Fig. 6, middle) that spans from north to south
with a projected distance to Sgr A* of ∼ 0”.08 in 2006 and
∼ 0”.15 in 2015. This structural detail of the inner parsec can be
observed in every available SINFONI data-set.
Keeping this finding in mind, we shortly want to summarize
the analysis of features at the position of Sgr A* that could be
connected to the Brγ-bar and speculate about a possible connec-
tion to the recent publication of Murchikova et al. (2019).
– Lutz et al. (1993) reports a [FeIII] bubble around Sgr A*.
It is speculated that the emission originates either in stellar
winds or a jet-driven outflow from Sgr A*. The authors also
present a V-shaped Doppler-shifted [Fe III] feature directed
towards the mini-cavity with a bow-shock morphology (see
Fig. 1 and 6) and a LOS velocity of around 40 kms−1. The po-
sition angle of the emission with respect to Sgr A* is around
45 deg.
– Followed by this, Yusef-Zadeh et al. (2012) reports a
teardrop-shaped X-ray feature roughly at the position of Sgr
A*. The authors speculate that it is probably produced by a
synchrotron jet or shocked winds, that are created by mass
losing stars and seems to be consistent with the [FeIII] bub-
ble shown in Lutz et al. (1993). The ram pressure of the
winds could then push the ionized bar away and produce
the teardrop-shaped X-ray feature. However, the VLA data
show, that the bright X-ray feature is open towards the west-
ern side. It is unclear if this open side of the teardrop can be
linked to the Brγ-bar shown in Fig. 6.
If future observations of the Brγ-bar could confirm a con-
nection between [FeIII] bubble and the teardrop-shaped X-ray
feature, it might indicate the transition of a region that is dom-
inated by a strong wind to a region with a strong ionizing X-
ray emission. This could explain the Doppler shifted and ionized
[Fe III] 3G − 3H multiplet that can be observed in almost every
dusty source west of the Brγ transition feature (see Fig. 3 and
6). Recently, Murchikova et al. (2019) reported a blue- and red-
shifted Brγ emission around Sgr A* with a line width of over
2000 km s−1 on scales that are comparable to the here presented
SINFONI data. Based on the presented data of the authors, there
is a small but noticeable gap of the Doppler-shifted Brγ feature.
The authors report a displacement of the red-shifted Brγ side of
around 0.11 as or 110 mas. Based on our SINFONI data-cube,
the here reported Brγ-bar shows a measured size of 0.10-0.12 as
and therefore could be connected to the reported Doppler-shifted
Brγ feature by Murchikova et al. (2019).
5.5. [FeIII] distribution in the Galactic center around Sgr A*
We already discussed the [FeIII]-bubble analyzed by Lutz et al.
(1993). In addition, we want to draw a connection between the
large scale [FeIII] distribution from the same publication (see
Fig. 1) that is located south-east of Sgr A* at a distance of a
few arcsec. This distribution is arranged in a V-shape and at
the position of the mini-cavity. The IRS13 complex can also be
found inside of this bow-shock like feature that contains many
dusty sources with iron emission lines ((Mužic´ et al. 2008)). We
show in Fig. 1, that the iron distribution is in close contact to
the position of Sgr A*. As mentioned before, it is plausible, that
iron in the Galactic center is not only created by a continuous
distribution, but also by compact sources like in, e.g., IRS13N
(Mužic´ et al. 2008) or the D-complex (this work). Based on our
spectral analysis, we speculate that the chance of finding dusty
sources with iron emission lines is higher inside the V-shaped
[Fe III] feature compared to dusty sources outside of the iron dis-
tribution. We discussed, that the detection of the here discussed
sources can be divided by the bright and prominent Brγ-bar (Fig.
1 and 6).
As mentioned before, Eckart et al. (1992), Lutz et al. (1993),
and Yusef-Zadeh et al. (2017b) report a bubble of hot gas that is
found around Sgr A*. It is still unclear, why the bubble around
Sgr A* is open towards the western direction. It just can be
speculated that maybe the S-stars or the here reported Brγ-bar
are shielding the dust grains against depletion of [FeIII] (Jones
(2000), Zhukovska et al. 2018) that leads to the presence of large
amounts of excited iron in the gas phase. At the transition edge
(Fig. 1 and 6), hydrogen gets excited and the depletion of [FeIII]
from the dust grains of the dusty sources is increased. Upcom-
ing observations with MIRI and long term monitoring with SIN-
FONI on larger scales of these sources and the GC will probably
reveal more interesting details about the connection of the Sgr
A* bubble, the wind, the in Murchikova et al. (2019) presented
Doppler-shifted Brγ emission, and the presented north- to south
Brγ-bar. These observations becoming more important in the fu-
ture since some dusty sources, e.g., D2 and D3 are moving in
projection towards regions, where no wind features are present.
We expect, that the Doppler-shifted [Fe III] emission lines could
be dampened or vanish completely. This is also reflected in Fig.
Article number, page 19 of 34
A&A proofs: manuscript no. main
10. Partially, this plot is adapted from Lutz et al. (1993) and
complemented with our measurements. The plot suggests, that
a possible ionization wind shows an increased impact towards
Sgr A* from the north-east direction. This trend continues to-
wards south-west till the V-shaped bow shock like feature at the
position of the mini-cavity (Fig. 1 and 6).
5.6. Indications from the [FeIII] findings
5.6.1. Iron distribution in the GC
We assume the dust-growth ratios presented in Zhukovska et al.
(2018) where the authors discuss the spallation of iron from dust
grains into the gas-phase. Combined with the LOS, our results
(Fig. 10) are in agreement with the in Jones (2000) presented
connection between shock velocity and dust-depletion of Fe. The
[FeIII] flux presented in Fig. 10 originates in the mini-cavity
(black data points) and could be associated with an ionized V-
shaped structure that shows a bow-shock morphology (Lutz et al.
1993; Yusef-Zadeh et al. 2012). The detection of compacted
sources close to Sgr A* could indicate, that the [FeIII] distri-
bution in the mini-cavity could be influenced strongly by sin-
gle dusty-sources (this work; Moultaka et al. 2006; Mužic´ et al.
2008).
5.6.2. Iron as an indication for YSOs
As mentioned in Sec. 5.3, we want to discuss the significance of
the Doppler-shifted [Fe III] emission line compared to the total
iron budget. As shown by Depoy (1992), the derived [Fe II]/Brγ
ratio is between 0.5 (5" south of IRS7) and 0.7 (10" south of
IRS7). IRS7 is located around 5".5 north of Sgr A*. Therefore,
it is reasonable to assume, that a ratio of around 0.55 ± 0.1 is in
good agreement with the derived values. Taking into account our
measurements (Tab. 8 and Fig. 10), we find an averaged value
for the amount of [Fe III] to [Fe II] of around 0.7. This naive
approach does not take different densities or temperatures into
account. However, Lutz et al. (1993) derive with values from
Depoy (1992) for the [Fe II]/[Fe I] ratio a result of ≈ 1 in the
GC. Additionally, our averaged AIP value of 0.38 is in excellent
agreement with the common derived [Fe III]/Brγ ratios (Depoy
1992; Lutz et al. 1993; Luck et al. 1998). Therefore, the pres-
ence of the detected [FeIII] emission line of the sources could
be used as an indicator for the metallicity (Kamath et al. 2014)
or at least for the high abundance in metals. Moreover, it em-
phasizes the dusty nature of the objects (Zhukovska et al. 2018).
Oliveira et al. (2013), Shimonishi et al. (2016), and most recently
Sciortino et al. (2019) underline in their studies iron and metal-
licity as an important star formation parameter. The hypothesis,
that the nature of the dusty sources can be described as recently
formed YSOs (Yusef-Zadeh et al. 2017b; Zajacˇek et al. 2017)
becomes, therefore, more acceptable and will be briefly summa-
rized in the following.
5.7. Origin of the NIR excess sources
When it comes to the origin of the here discussed Doppler-
shifted Brγ sources that surround Sgr A* on highly eccentric or-
bits, we speculate a stellar nature. We associate dust-enshrouded
stars that may, in fact, could have been formed very recently
through the mechanism put forward by Jalali et al. (2014). These
mechanisms are also part of the discussion presented by Tsuboi
et al. (2016) and Trani et al. (2016). Based on the fact that D2,
D23, and D3 show the same spectral features and have similar
magnitudes, it seems to be plausible, that they are part of one
population when we consider the mentioned publication. They
might be dust embedded pre-main-sequence stars presumably
forming a small bow shock (Shahzamanian et al. 2016; Zajacˇek
et al. 2017). Yoshikawa et al. (2013), Yusef-Zadeh et al. (2017a),
and Naoz et al. (2018) discuss and show several plausible sce-
narios that underline the presence of binaries, YSOs, and intrin-
sically polarized low-mass stars as well as bow-shock sources in
the GC close to Sgr A*.
In addition, Mužic´ et al. (2007) and Mužic´ et al. (2008)
present trajectories of dusty sources that are co-moving in
groups. This is already separately analyzed in Eckart, A. et al.
(2013) where the authors discuss, that randomly located dusty
sources in the GC can be found with a likelihood of around 25%
per resolution element and observing epoch. They derive, that
co-moving objects in the GC can be observed with a probability
of several percents. These two observational and statistical find-
ings can be directly applied to the found sources D2, D23, D3,
D3.1, X8, X7, and X7.1. These sources are either co-moving (see
Fig. 9) or can be found in groups (see Fig. 2).
If upcoming observations could confirm the in this work pro-
posed nature of the sources, the identification of the [FeIII] mul-
tiplet in unknown dusty sources could be used to underline their
stellar character. However, the DSO/G2 spectrum does not show
any signs of a [FeIII] line. But as shown in Fig. 12, the presented
SED model based on our H- and K-band detection (Fig. F.1) fits
a stellar core with a dusty envelope.
5.8. Upcoming opportunities with MIRI
Here, we want to discuss the impact of the mid-infrared instru-
ment MIRI of the James Webb Space Telescope (see Bouchet
et al. 2015; Ressler et al. 2015; Rieke et al. 2015, for further in-
formation). Compared to the presented data in this work, MIRI
will operate in the M-band. This will allow us to observe the
here discussed sources with higher precision because of a more
stable PSF. Since the SINFONI introduces an elongated PSF
with changing x- and y-values for the FWHM, an optimized
PSF for the high-pass filtering is necessary. The wings of close-
by sources do interact in a way, that artificial signals could be
created (Sabha et al. 2012; Eckart, A. et al. 2013). Addition-
ally, sky emission lines can have an unavoidable influence on
the spectrum that is described in Davies (2007). Hence, the in-
vestigation of dusty sources with MIRI in the central stellar
cluster will greatly benefit from the up-cumming improved ob-
servational possibilities. Foremost, we have the JWST instru-
mentation that will allow us to obtain sensitive spectroscopy
without the mentioned atmospheric and instrumental effects of
individual sources in this densely populated region. In partic-
ular, the IFU observations with MIRI will be helpful to ob-
tain broadband spectroscopy covering a few to several 10 mi-
crometers. While spatial deconvolution of the resulting data
cubes at longer wavelengths will be essential, the sources should
readily be separable at the short-wavelength end of the spec-
trometers. Highest angular resolution and/or diagnostic spec-
tral line tracers available in MIRI are essential to make fur-
ther progress in this investigation of the dusty sources. Espe-
cially when it comes to the local and general line of sight ISM
towards them through ice absorption features like for exam-
ple H2O,CH4,CO,NH3. Also, emission features from gaseous
molecules like H2,CO,H2O,CH4,C2H2,HCN,OH, S iO could
provide a new insight of the nature and origin of the observed
objects. Some of these emission lines like CH4,C2H2, that can
be found in gas and ice, can be used as probes for stellar disks.
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For the Galactic Center, we have already shown in Moultaka
et al. (2006, 2009) the importance of the H2O line emission
and the CO gas and ice absorption to study the extinction to-
wards the Galactic Center and the properties of the GC interstel-
lar medium.
6. Summary and Conclusions
We present a detailed analysis of two of the dusty NIR excess
sources within the central arcseconds of the Galactic Nucleus,
close to the supermassive black hole Sgr A*. These dust sources
are of special interest as their existence had not been predicted
and may be indicative for ongoing star formation in this complex
region.
– Properties of the NIR excess sources
We successfully fitted Keplerian orbits to both sources, D2
and D3. Furthermore, we found new sources that we named
D23 and D3.1. D2, D3, and D3.1 have an elliptical orbit
with similar orbital parameters. They also show Doppler-
shifted Brγ, HeI and [FeIII] line emission exhibiting compa-
rable line-of-sight velocities indicating that they arise from
the same source. Both, the Brγ and [Fe III] line emission,
occur from high excitation shocked regions (see e.g. Tielens
et al. (1994); Zhukovska et al. (2018)). Since D23 shows a
clockwise orbital trajectory, this D-source might be part of
other, not discovered groups of dusty emission objects.
The obtained KS -band magnitudes are 18.1+0.3−0.8 for D2 and
19.7 +0.4−0.3 for D3. In the H-band, we derived upper limits to
their magnitudes of 22.98 for D2 and 22.22 for D3, respec-
tively.
Valencia-S. et al. (2015) and Zajacˇek et al. (2017) show that
for a 1-2 M embedded pre-main sequence star, hot accre-
tion streams of matter very close to the star can fully ac-
count for its observed Brγ luminous in combination with
the line widths covering a range from 200 km s−1 to 700
km s−1. These streams can possibly be in combination with
disk winds.
As indicated by pre-main-sequence evolutionary tracks of
low- and intermediate-mass stars (see, e.g., Siess et al. 2000)
it is entirely conceivable that after an initial phase of less than
106 years the 1-2M stars present themselves in a T Tauri
stage with a luminosity that does not exceed 10M (see also
Chen et al. 2014).
Comparing the here derived flux values for the DSO/G2 with
a two component blackbody model and detecting the object
in the H- and K-band continuum, show that the source might
be indeed a pre-main-sequence star emdedded in a dusty
envelope as already discussed by Shahzamanian et al. (2016)
and Zajacˇek et al. (2017). We sucessfully fitted also a single
component BB model to the observed emission of D2, D23,
and D3. Since the gas temperatures in the vicinity do not
exceed 50 K–200 K (Genzel et al. 2010), it is obvious that
a simple gas-cloud nature of the sources can be excluded.
In combination with their Keplerian orbital motion, we see
a strong tendency towards a stellar scenario. This is also
supported by the H-band detection of the DSO/G2, which
clearly favours the combined star+envelope model over the
pure core-less cloud model. Young stellar objects of type I
(Lada 1987) could be a plausible explanation. Adjustment
of several variables, e.g. the accretion rate of the YSOs,
the viewing angle and the dust temperature, might improve
the SED of the near-infrared and mid-infrared fluxes. The
intrinsic colors are consistent with a dust temperature of
500 K. The surrounding shell/disk, as well as the accretion
material, can provide enough extinction to explain the
observed infrared colors (Eckart, A. et al. 2013).
– Linkage to flaring activity
The data obtained for the DSO are consistent with a very
compact source on an elliptical orbit. It is sufficiently
compact that it has not influenced the flaring activity of
the black hole in any statistically convincingly way. That
does however not exclude the possibility that an increase
in accretion activity of Sgr A* may still be upcoming.
However, the crossing time scales for the region in which
the DSO passed by Sgr A* is only a few years, even if one
includes effects from a possible wind from Sgr A*. Any Sgr
A* activity occurring at times more than a few years from
now become increasingly more difficult to be associated
with the DSO passage close to Sgr A* when one considers
in-spiral time scales of several decades. Distinguishing
between the DSO/G2 passage and for example, the G1
source might be challenging. Both sources passed Sgr A* at
a comparatively distance at amin = 200 − 300 a.u. (Witzel
et al. 2017). As discussed, it becomes increasingly likely
that the dust embedded sources are associated rather with
young accreting stars than core-less gas and dust clouds. An
identification of the DSO, D2, D23, and D3 with a dust em-
bedded stars also puts the necessity of a common history of
the DSO and G1 source at risk (Pfuhl et al. 2015). Due to the
higher mass (∼ 1 − 2 M), the action of drag forces on these
objects is also more than questionable (Gillessen et al. 2019).
– Bow shock stars
The here detected Brγ and [Fe III] lines might arise from
collisional excitation in the inner bow shock. Also, accretion
processes onto a central star is a considerable option. Fur-
thermore, it is presumed that the Brγ emission lines originate
in photoionization of a UV radiation field. [Fe III] emission
requires a high iron abundance gas, which can be created in
shocks. The high abundance gas then has to be ionized, either
by UV photons or by collisions.
A possible bow shock might either be caused by strong stel-
lar winds coming from, e.g., IRS13 or by an outflow from the
Galactic Center. Moreover, the bow shock could arise from
the potential supersonic motion of D2 and D3.
Shahzamanian et al. (2016) and Zajacˇek et al. (2017) con-
strain the nature and the geometry of the DSO. The authors
have compared 3D radiative transfer models of the DSO
with the near-infrared (NIR) continuum data including NIR
K-band polarimetry. They present a composite model of the
DSO with a dust-enshrouded star that consists of a stellar
source, dusty, optically thick envelope, bipolar cavities, and
a bow shock.
– An alternative to the thermal young stellar object model
An alternative scheme can explain the continuum emission
via the non-thermal contribution of young neutron stars and
their wind nebulae (Zajacˇek et al. 2014; Zajacˇek et al. 2017).
Their proposed model can match the NIR fluxes as well as
polarized properties of the observed spectral energy distri-
bution. The authors also show that, in principle, the SED
may be explained by a young pulsar wind nebula (PWN).
However, the analysis of the neutron star model shows that
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young, energetic neutron stars should be detected as near-
infrared-excess sources which also exhibit themselves by the
magnetospheric synchrotron emission. Both the thermal and
the non-thermal models are thus consistent with the observed
properties of these sources, i.e., their compactness, the total
and (for the DSO) the polarized continuum emission. Never-
theless, there are as yet no such detections of X-ray and radio
counterparts of the dusty sources.
Naoz et al. (2018) discuss, that binaries could play a ma-
jor role by contributing and explaining observed properties
of the GC disk. With that, the number of similar objects as
discussed here could be much higher but also expected. The
LOS velocities of the investigated objects are consistent with
the discussed binary velocities vZ as a function of the semi-
major axis of the GC disk.
Recently, Yusef-Zadeh et al. (2017a) reported the detection
of bipolar outflow sources with ALMA. The authors find ev-
idence for low-mass star formation even though considering
the difficulties, distinguishing between low-mass YSOs from
starless dusty cores (Gillessen et al. 2012; Eckart, A. et al.
2013). However, the findings of Yusef-Zadeh et al. (2017a)
are in line with Yoshikawa et al. (2013) where the authors
report, that intrinsically polarized stars could be associated
with YSOs. At least for the DSO/G2, Shahzamanian et al.
(2016) finds a polarization degree of > 20%. A future po-
larization analysis of the remaining here discussed sources
could contribute to a more detailed discussion about the na-
ture of the dusty-sources in the GC.
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NACO
Date Observation ID number
of
exposures
Total
exposure
time(s)
λ
2002.07.31 60.A-9026(A) 61 915 K
2002-08-19 60.A-9026(A) 76 2280 L′
2002-08-30 60.A-9026(A) 80 2400 L′
2003-05-10 71.B-0077(A) 56 2104 L′
2004-04-25 073.B-0840(A) 166 1743 L′
2004-04-26 073.B-0840(A) 263 3024 L′
2005-05-14 073.B-0085(D) 192 5760 L′
2006-05-29 077.B-0552(A) 522 15660 L′
2007-04-01 179.B-0261(A) 120 1800 L′
2007-05-22 079.B-0084(A) 30 450 L′
2008-05-26 081.B-0648(A) 205 3075 L′
2011.05.27 087.B-0017(A) 305 4575 K
2012-05-16 089.B-0145(A) 30 450 L′
2012.05.17 089.B-0145(A) 169 2525 K
2013-05-09 091.C-0159(A) 30 450 L′
2013.06.28 091.B-0183(A) 112 1680 K
2013.09.01 091.B-0183(B) 359 3590 K
2015.08.01 095.B-0003(A) 172 1720 K
2016-03-23 096.B-0174(A) 60 900 L′
2018.04.22 0101.B-0052(B) 120 1200 K
2018.04.24 0101.B-0052(B) 120 1200 K
2018-04-22 0101.B-0052(B) 60 1800 L′
2018-04-24 0101.B-0052(B) 50 750 L′
Table C.1: List of the used NACO data in the K- and L′-band. For every epoch, the number of exposures used for the final mosaics,
the total exposure time,and the Project ID is listed. Note that NACO was decommissioned between 2013 and 2015.
Date Observation ID Start time End time Amount of on source exposures Exp. Time
Total Medium High
(YYYY:MM:DD) (UT) (UT) (s)
2006.03.17 076.B-0259(B) 07:51:23 11:52:27 5 0 3 600
2006.03.20 076.B-0259(B) 07:33:06 07:42:27 1 1 0 600
2006.03.21 076.B-0259(B) 07:56:05 09:28:53 2 2 0 600
2006.04.22 077.B-0503(B) 08:47:59 08:57:24 1 0 0 600
2006.08.17 077.B-0503(C) 23:10:28 23:21:45 1 0 1 600
2006.08.18 077.B-0503(C) 23:19:54 03:46:01 5 0 5 600
2006.09.15 077.B-0503(C) 22:54:00 23:22:00 3 0 3 600
2007.03.26 078.B-0520(A) 06:46:26 06:57:32 1 1 0 600
2007.07.24 179.B-0261(F) 05:41:28 06:38:04 3 1 2 600
2007.09.03 179.B-0261(K) 23:42:50 01:11:12 4 1 3 600
2007.09.04 179.B-0261(K) 23:22:57 23:33:50 1 0 1 600
2008.04.06 081.B-0568(A) 05:25:26 08:50:00 16 0 15 600
2008.04.07 081.B-0568(A) 08:33:58 09:41:05 4 0 4 600
2009.05.21 183.B-0100(B) 06:10:02 08:50:36 7 0 7 600
2009.05.22 183.B-0100(B) 04:51:22 05:29:13 4 0 4 400
2009.05.23 183.B-0100(B) 09:41:41 09:57:17 2 0 2 400
2009.05.24 183.B-0100(B) 06:08:03 07:38:59 3 0 3 600
Table C.2: SINFONI data between 2006 and 2009. We list the total amount of data. To ensure the best S/N ratio for our combined
final data-cubes, we are just using single data-cubes with high quality.
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Fig. A.1: Orbit overview of D23 and D3.1. The upper plot shows the D23-, the lower one the D3.1-orbit. The data is based on the
Keplerian fit presented in Tab. D.1 and Tab. D.2.
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Fig. A.2: Line of sight velocity fit of D2, D23, and D3.1. The upper plot shows the LOS fit of D2, the middle one is realted to D23,
and the lower one the D3.1 fit. The data is extracted from the SINFONI data-cubes. Because the low amount of data for D3, the fit
shows a poor response.
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Fig. A.3: Gaussian fit of the Doppler shifted Brγ and [Fe III] line of D2, D23, D3, X7, X7.1, and X8. The normalized spectrum can
be used to determine the [Fe III]/Brγ ratio.
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Fig. B.1: [FeIII] emission related to Fig. 6. The FOV is consistent with the mentioned figure. The investigated sources west of SgrA*
show a Doppler-shifted iron line emission that coincides with the Brγ position of the D-sources.
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Date Observation ID Start time End time Amount of on source exposures Exp. Time
Total Medium High
(YYYY:MM:DD) (UT) (UT) (s)
2010.05.10 183.B-0100(O) 06:03:00 09:35:20 3 0 3 600
2010.05.11 183.B-0100(O) 03:58:08 07:35:12 5 0 5 600
2010.05.12 183.B-0100(O) 09:41:41 09:57:17 13 0 13 600
2011.04.11 087.B-0117(I) 08:17:27 09:15:16 3 0 3 600
2011.04.27 087.B-0117(I) 05:10:41 09:23:09 10 1 9 600
2011.05.02 087.B-0117(I) 07:53:34 09:22:19 6 0 6 600
2011.05.14 087.B-0117(I) 08:47:28 09:25:07 2 0 2 600
2011.07.27 087.B-0117(J)/087.A-0081(B) 02:40:51 03:30:58 2 1 1 600
2012.03.18 288.B-5040(A) 08:55:49 09:17:01 2 0 2 600
2012.05.05 087.B-0117(J) 08:09:14 08:41:33 3 0 3 600
2012.05.20 087.B-0117(J) 08:13:44 08:23:44 1 0 1 600
2012.06.30 288.B-5040(A) 01:40:19 06:54:41 12 0 10 600
2012.07.01 288.B-5040(A) 03:11:53 05:13:45 4 0 4 600
2012.07.08 288.B-5040(A)/089.B-0162(I) 00:47:39 05:38:16 13 3 8 600
2012.09.08 087.B-0117(J) 00:01:36 00:23:33 2 1 1 600
2012.09.14 087.B-0117(J) 01:21:30 01:43:27 2 0 2 600
2013.04.05 091.B-0088(A) 08:55:49 09:43:38 2 0 2 600
2013.04.06 091.B-0088(A) 07:35:58 09:23:37 8 0 8 600
2013.04.07 091.B-0088(A) 07:27:49 09:40:35 3 0 3 600
2013.04.08 091.B-0088(A) 06:42:53 09:12:52 9 0 6 600
2013.04.09 091.B-0088(A) 07:08:17 10:01:46 8 1 7 600
2013.04.10 091.B-0088(A) 06:10:45 07:47:07 3 0 3 600
2013.08.28 091.B-0088(B) 00:40:17 03:11:43 10 1 6 600
2013.08.29 091.B-0088(B) 00:46:40 03:10:00 7 2 4 600
2013.08.30 091.B-0088(B) 02:31:22 03:24:46 4 2 0 600
2013.08.31 091.B-0088(B) 00:57:58 02:28:22 6 0 4 600
2013.09.23 091.B-0086(A) 23:40:31 01:49:33 6 0 0 600
2013.09.25 091.B-0086(A) 00:39:51 01:01:39 2 1 0 600
2013.09.26 091.B-0086(A) 23:55:53 00:39:13 3 1 1 600
Table C.3: SINFONI data between 2010 and 2013.
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Date Observation ID Start time End time Amount of on source exposures Exp. Time
Total Medium High
(YYYY:MM:DD) (UT) (UT) (s)
2014.02.27 092.B-0920(A) 08:40:42 09:41:36 4 1 3 600
2014.02.28 091.B-0183(H) 08:34:58 09:54:37 7 3 1 400
2014.03.01 091.B-0183(H) 08:00:14 10:17:59 11 2 4 400
2014.03.02 091.B-0183(H) 07:49:05 08:18:54 3 0 0 400
2014.03.11 092.B-0920(A) 08:03:55 10:03:28 11 2 9 400
2014.03.12 092.B-0920(A) 07:44:34 10:07:45 13 8 5 400
2014.03.26 092.B-0009(C) 06:43:04 09:58:12 9 3 5 400
2014.03.27 092.B-0009(C) 06:32:49 10:04:12 18 7 5 400
2014.04.02 093.B-0932(A) 06:31:38 09:53:52 18 6 1 400
2014.04.03 093.B-0932(A) 06:20:45 09:45:02 18 1 17 400
2014.04.04 093.B-0932(B) 05:58:18 09:47:58 21 1 20 400
2014.04.06 093.B-0092(A) 07:51:42 08:43:15 5 2 3 400
2014.04.08 093.B-0218(A) 07:04:37 09:39:47 5 1 0 600
2014.04.09 093.B-0218(A) 07:43:44 09:31:25 6 0 6 600
2014.04.10 093.B-0218(A) 05:46:47 09:45:03 14 4 10 600
2014.05.08 093.B-0217(F) 05:54:04 10:13:10 14 0 14 600
2014.05.09 093.B-0218(D) 04:48:50 10:26:25 18 3 13 600
2014.06.09 093.B-0092(E) 05:22:34 08:59:59 14 3 0 400
2014.06.10 092.B-0398(A)/093.B-0092(E) 05:20:38 06:35:24 5 4 0 400/600
2014.07.08 092.B-0398(A) 02:22:28 04:47:18 6 1 3 600
2014.07.13 092.B-0398(A) 00:33:27 01:41:15 4 0 2 600
2014.07.18 092.B-0398(A)/093.B-0218(D) 02:53:11 03:03:18 1 0 0 600
2014.08.18 093.B-0218(D) 02:26:09 02:47:10 2 0 1 600
2014.08.26 093.B-0092(G) 00:23:04 01:00:16 4 3 0 400
2014.08.31 093.B-0218(B) 23:30:25 01:20:25 6 3 1 600
2014.09.07 093.B-0092(F) 01:28:11 01:42:45 2 0 0 400
2015.04.12 095.B-0036(A) 05:52:37 10:14:30 18 2 0 400
2015.04.13 095.B-0036(A) 05:44:12 10:06:37 13 7 0 400
2015.04.14 095.B-0036(A) 07:07:28 08:29:18 5 1 0 400
2015.04.15 095.B-0036(A) 05:52:26 10:16:55 23 13 10 400
2015.08.01 095.B-0036(C) 23:22:12 04:41:09 23 7 8 400
2015.09.05 095.B-0036(D) 23:18:11 02:23:03 17 11 4 400
Table C.4: SINFONI data between 2014 and 2015.
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D2 positions D23 positions D3 positions D3.1 positions
date ∆R.A. [mas] ∆Dec. [mas] ∆R.A. [mas] ∆Dec. [mas] ∆R.A. [mas] ∆Dec. [mas] ∆R.A. [mas] ∆Dec. [mas]
2002.578 - - -324.76 ± 13.0 126.33 ± 13.0 - - - -
2003.446 - - -306.36 ± 6.5 125.18 ± 6.5 - - - -
2004.661 - - -347.65 ± 13.0 99.29 ± 13.0 - - - -
2004.669 - - -336.28 ± 13.0 101.88 ± 13.0 - - - -
2004.726 - - -347.47 ± 6.5 97.07 ± 6.5 - - - -
2005.268 - - -350.00 ± 6.5 108.94 ± 6.5 - - - -
2005.369 - - -376.69 ± 6.5 134.30 ± 6.5 - - - -
2005.372 - - -332.92 ± 6.5 133.15 ± 6.5 - - - -
2005.567 - - -362.95 ± 6.5 135.83 ± 6.5 - - - -
2007.213 - - -396.50 ± 13.0 152.04 ± 13.0 - - - -
2007.252 - - -397.15 ± 13.0 137.21 ± 13.0 - - - -
2007.454 - - -396.20 ± 13.0 139.59 ± 13.0 - - - -
2008.144 -464.92 ± 13.0 -93.8 ± 13.0 -414.26 ± 6.5 125.75 ± 6.5 -566.92 ± 10.44 -23.80 ± 16.53 - -
2008.196 -471.79 ± 13.0 -82.21 ± 13.0 -425.79 ± 6.5 114.30 ± 6.5 -573.79 ± 15.08 -12.21 ± 19.31 - -
2008.267 -470.03 ± 13.0 -98.59 ± 13.0 -419.38 ± 13.0 112.26 ± 13.0 -572.03 ± 14.14 -28.59 ± 17.84 -501.0 ± 15.0 33.0 ± 15.0
2008.456 -469.78 ± 13.0 -85.77 ± 13.0 -428.69 ± 6.5 122.64 ± 6.5 -571.78 ± 11.70 -15.77 ± 21.62 - -
2008.598 -466.08 ± 13.0 -86.89 ± 13.0 -424.97 ± 13.0 132.00 2± 13.0 -568.08 ± 15.63 -16.89 ± 23.87 - -
2008.707 -471.37 ± 13.0 -85.80 ± 13.0 -428.17 ± 6.5 126.80 ± 6.5 -573.37 ± 14.28 -15.80 ± 21.09 - -
2009.298 -459.5 ± 6.5 -45.33 ± 6.5 -424.62 ± 13.0 126.70 ± 13.0 -575.50 ± 17.16 10.67 ± 17.78 - -
2009.301 -457.08 ± 6.5 -48.45 ± 6.5 -424.89 ± 13.0 123.67 ± 13.0 -573.08 ± 13.05 7.55 ± 21.82 - -
2009.334 449.71 ± 6.5 -40.40 ± 6.5 -430.34 ± 6.5 127.57 ± 6.5 -565.71 ± 16.91 15.60 ± 18.24 - -
2009.369 - - -461.24 ± 13.0 -62.54 ± 13.0 - -
2009.501 -457.89 ± 13.0 -40.45 ± 13.0 -428.58 ± 13.0 117.76 ± 13.0 -573.89 ± 15.60 15.55 ± 19.01 - -
2009.509 - - -424.48 ± 6.5 112.95 ± 6.5 - - - -
2009.611 -449.71 ± 6.5 -40.40 ± 6.5 -430.93 ± 6.5 130.90 ± 6.5 -565.71 ± 16.12 15.60 ± 23.99 - -
2009.715 -439.88 ± 13.0 -33.22 ± 13.0 -426.42 ± 13.0 127.02 ± 13.0 -555.88 ± 17.43 22.78 ± 26.15 - -
2009.717 -457.22 ± 13.0 -48.24 ± 13.0 -424.87 ± 13.0 133.18 ± 13.0 -573.22 ± 19.22 7.76 ± 23.45 - -
2010.350 -454.89 ± 6.5 -45.43 ± 6.5 -483.54 ± 6.5 105.78 ± 6.5 -570.89 ± 15.25 10.57 ± 24.73 -519.0 ± 15.0 33 ± 15.0
2010.454 -457.76 ± 6.5 -35.38 ± 6.5 -484.46 ± 6.5 109.42 ± 6.5 -573.76 ± 17.43 20.62 ± 25.42 - -
2011.400 -455.53 ± 6.5 -25.50 ± 6.5 -486.99 ± 6.5 134.24 ± 6.5 -599.53 ± 20.58 30.50 ± 26.21 -466 ± 15.0 51 ± 15.0
2012.374 -401.66 ± 6.5 -8.35 ± 6.5 -477.94 ± 6.5 105.63 ± 6.5 -573.66 ± 17.22 47.65 ± 21.18 - -
2013.487 -412.51 ± 13.0 11.67 ± 13.0 -465.00 ± 6.5 131.23 ± 6.5 -556.51 ± 20.25 39.67 ± 23.61 - -
2013.670 - - -506.79 ± 6.5 131.93 ± 6.5 - - - -
2015.580 -390.97 ± 13.0 61.57 ± 13.0 -537.93 ± 6.5 126.65 ± 6.5 -576.97 ± 19.99 61.57 ± 27.15 - -
2018.306 -307.31 ± 13.0 120.87 ± 13.0 -553.72 ± 6.5 122.33 ± 6.5 -549.31 ± 22.36 106.87 ± 24.55 - -
Table D.1: K-band positions of D2, D23, D3, and D3.1 extracted from the NACO data between 2002 and 2018.
D2 positions D23 positions D3 positions D3.1 positions
date ∆R.A. [mas] ∆Dec. [mas] ∆R.A. [mas] ∆Dec. [mas] ∆R.A. [mas] ∆Dec. [mas] ∆R.A. [mas] ∆Dec. [mas]
2002.66 -500.58 ± 5.64 -176.85 ± 5.51 - - -612.58 ± 10.44 -36.85 ± 16.53 - -
2002.72 -497.88 ± 4.77 -180.9 ± 5.21 - - -609.88 ± 15.08 -40.90 ± 19.31 - -
2002.75 -487.08 ± 4.42 -182.79 ± 4.92 -338.85 ±13.6 119.47 ± 13.6 -599.08 ± 14.14 -42.79 ± 17.84 - -
2002.83 -497.88 ± 5.04 -183.6 ± 5.62 - - -609.88 ± 11.70 -43.60 ± 21.62 - -
2003.44 -491.13 ± 3.99 -176.58 ± 4.66 -385.95 ±13.6 113.85±13.6 -603.13 ± 15.63 -64.58 ± 23.87 - -
2004.32 -485.73 ± 2.49 -151.47 ± 8.54 - - -611.73 ± 14.28 -39.47 ± 21.09 -550.73 ± 15.0 -8.47 ± 15.0
2004.40 -482.76 ± 4.04 -155.79 ± 4.76 -363.19 ±13.6 119.24±13.6 -608.76 ± 17.16 -43.79 ± 17.78 - -
2004.41 -481.41 ± 4.52 -159.57 ± 6.70 -346.50 ±13.6 118.68±13.6 -607.41 ± 13.05 -47.57 ± 21.82 - -
2005.45 -485.19 ± 4.50 -133.92 ± 9.99 -374.66±13.6 126.32±13.6 -611.19 ± 16.91 -21.92 ± 18.24 -602.19 ± 15.0 -16.92 ± 15.0
2005.54 -482.49 ± 5.46 -124.47 ± 5.92 - - -608.49 ± 15.60 -12.47 ± 19.01 - -
2006.50 -473.85 ± 4.86 -110.43 ± 4.65 -394.80±13.6 126.32±13.6 -599.85 ± 16.12 -12.43 ± 23.99 -590.85 ± 15.0 -6.43 ± 15.0
2007.34 -460.62 ± 4.59 -99.36 ± 3.65 -416.99±13.6 126.27±13.6 -572.62 ± 17.43 -15.36 ± 26.15 -603.62 ± 15.0 34.36 ± 15.0
2007.48 -461.43 ± 3.09 -96.12 ± 2.75 -403.1±13.6 134.58±13.6 -573.43 ± 19.22 -12.12 ± 23.45 - -
2008.49 -453.33 ± 5.92 -79.38 ± 6.93 -432.47±13.6 129.57±13.6 -579.33 ± 15.25 18.62 ± 24.73 - -
2011.40 -433.35 ± 10.09 -41.04 ± 11.66 - - -545.35 ± 17.43 14.96 ± 25.42 - -
2011.49 -416.07 ± 11.86 -34.02 ± 12.94 -479.54 ±13.6 139.92±13.6 -528.07 ± 20.58 21.98 ± 26.21 - -
2012.46 -423.63 ± 9.37 -8.1 ± 12.31 -468.76±13.6 141.17±13.6 -535.63 ± 17.22 61.90 ± 21.18 -405.0 ± 15.0 25.0 ± 15.0
2013.44 -414.99 ± 10.04 23.76 ± 13.49 -484.57±13.6 135.39±13.6 -540.99 ± 20.25 79.76 ± 23.61 - -
2016.31 -370.44 ± 7.04 86.67 ± 9.93 -519.09±13.6 114.32±13.6 -510.44 ± 19.99 114.67 ± 27.15 - -
2018.39 -343.98 ± 7.24 123.66 ± 10.27 -510.75±13.6 121.32±13.6 -539.98 ± 22.36 137.66 ± 24.55 - -
2018.40 -343.17 ± 6.39 125.55 ± 10.62 -514.39±13.6 136.87±13.6 -539.17 ± 18.45 139.55 ± 29.51 - -
Table D.2: Positions of D2, D23, D3, and D3.1 from the L-band NACO data set.
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Fig. E.1: This image is inspired by the results presented in Yusef-Zadeh et al. (2012). It shows the radio emission and the detected
features. We indicate the position of the bright Brγ-emission with a red bar at the position of the open SgrA* bubble. The black
circle marks the position of the dusty sources, that show Doppler-shifted [FeIII] emission lines.
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Fig. F.1: H-, K-band detection of the DSO. For a positional comparison, we include the Doppler-shifted line-map detection. The
data is based on the SINFONI H+K data-cubes of 2008, 2010, and 2013. In all images, the North is up and the East is to the left.
Sgr A* is marked with a lime-colored x. The FOV in every image is 0".375×0".375.
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